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ABSTRACT 


A  program  to  improve  the  surface  stability  of  nickel -base  turbine  blade 
alloys  is  described.  In  Phase  I,  additions  of  rare-earth  type  elements 
and  Un  were  made  singularly  and  in  combination  to  cast  Rene*  100  and 
wrought  Uni temp  AF-2-IDA  alloys.  The  results  indicated  that  certain 
reactive  metal  additions  are  markedly  effective  in  improving  surface 
stability  but  tend  to  degrade  mechanical  properties.  The  loss  in  mechani¬ 
cal  properties  was  attributed  to  segregation  of  reactive  metal  containing 
phases  at  the  grain  boundaries.  In  the  wrought  AF-2-IDA  alloy  the  reactive 
metal  additions  seriously  impared  hot  workability  bo  that  mechanical 
property  test  specimens  could  not  be  obtained. 

In  Phase  II  of  the  program,  15  pound  heats  of  lane '  100  which  contained 
only  moderate  (<0.1  a/o)  amounts  of  doping  additions  were  studied.  The 
objective  was  to  obtain  an  improved  balance  of  surface  stability  and 
mechanical  properties.  With  levels  of  — 0.05  a/o  dopants,  mechanical 
properties  were  equivalent  to  the  base  Rene*  100  alloy,  with  marginal 
improvements  in  surface  stability.  The  surface  stability  of  cast 
Rene*  100  alloys  was  found  to  be  dependent  on  structural  effects  as  well 
as  chemical  composition.  Drop  cast  alloys,  having  a  refined  mi crostructure 
generally  exhibited  much  better  surface  stability  than  investment  cast 
material.  The  most  promising  directions  for  future  studies  are  suggested. 


This  abstract  is  subject  to  special  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Metals  rad  Ceramics  Division  (MAAM)  Air  Force  Materials 
Laboratory,  Wright  Patterson  Mr  Force  Base,  Ohio  45433. 
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1.0  INTRODUCTION 


Advancements  in  aircraft  gas  turbine  -technology  continue  to  call  for 
increased  turbine  inlet  temperatures  and  consequently  more  arduous 
demands  on  materials  for  components  such  as  vanes,  combustion  liners, 
afterburner  f  lameb >ldcrs  and  particularly  turbine  blades.  The  resultant 
high  temperature  turbine  environment,  which  can  include  sulphur  frpi/.  the 
fuel  and  various  halides  from  sea  water,  drastically  reduces  superalloy 
component  life  and  reliability  by  increasing  the  extent  of  oxidation 
and/or  hot  corrosion.  Thus,  although  we  have  developed  superalloys 
whose  mechanical  properties  may  be  adequate  at  the  higher  temperatures, 
their  superior  properties  cannot  be  fully  utilized  due  to  inherent 
limitations  in  surface  stability. 

It  may  be  possible  to  minimize  these  deficiencies  by  major  alloy  modifi¬ 
cations  i.e,  Cr,  Al,  Ti.  However,  applying  this  approach  to  the  complex 
high  strength  alloys  would  undoubtedly  alter  structural  stability  and  might 
detrimentally  affect  mechanical  properties.  Hence,  this  approach  would  most 
likely  require  a  major  alloy  development  effort  to  improve  surface  stability 
without  adverse  structural  effects.  During  previous  studies  promising 
techniques  for  improving  surface  stability  without  major  changes  in  alloy 
composition  were  identified.  This  was  accomplished  by  the  addition  of 
small  quantities  of  the  "rare  earth"  type  elements  and  manganese  which 
increase  the  effectiveness  of  major  alloy  elements  already  present  in  the 
alloy  by  producing  protective  oxide  scales.  This  latter  method  of  improving 
surface  stability  is  particularly  attractive  since  the  amount  of  addition 
required  may  be  small  enough  to  have  an  insignificant  effect  on  other 
properties. 

In  brief,  this  investigation  was  conducted  as  a  continuation  of  previous 
work  under  contract  A F  33(6l5)-286l  to  identify  an  approach  for  improving 
the  surface  stability  of  turbine  blade  materials  through  minor  additions 
of  Group  III  B  Metals,  the  rare  Mirth  metals,  thorium,  and  manganese.  The 


approach  consisted  of  the  fcl lowing  two  steps: 

1.  Develop  an  understanding  of  the  effects  of  minor  addition  elements 
toward  improved  environmental  resistance  of  Rene(  100,  one  of  the 
strongest  commercially  ayailable  cast  alloys,  and  Unitemp  AK  2- IDA, 
a  high  strength  developmental  wrought  alloy* 

8*  Apply  this  knowledge  to  scaled-up  heats  of  the  most  promising 
alleys  from  above,  more  fully  characterise  the  oxidation  and  hot 
corrosion  behavior  and  the  effect  of  the  minor  addition  elements 
on  the  mechanical  properties. 

2.0  BACKGROUND 


2.1  General 


This  laboratory,  which  has  long  been  aware  of  the  needs  for  improved  materials, 

has  emphasised  studies  of  the  high  temperature  oxidation  behavior  of  superalloys. 

In  particular,  earlier  program*  have  considered  the  oxidation  mechanisms  of  a 

number  of  commercial  superalloys  such  as  Hastelloy  Dane'  41,  Udimet  700^, 

TD-Nickel^,  L-605,  and  X-40^.  These  studies  formed  a  pioneering  effort 

toward  improvement  of  oxidation  resistance  of  commercial  superalloys  by  establishing 

an  understanding  of  the  oxidation  mechanisms  involved  through  characterizing  the 

oxidation  behavior  as  a  function  of  time,  temperature,  and  alloy  composition. 

The  application  of  this  understanding  toward  the  design  and  selection  of  alloys 

with  improve' I  surface  stability  has  been  successful,  leading  to  development 

(5)  (6) 

alloys  such  as  Rene'  X  ,  EE-12  ,  and  Rene'  Y. 
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Interest  in  minor  element  additions  stems  from  two  recent  Air  Force  sponsored 
studies  (7-9)  in  which  the  oxidation  behavior  of  five  commercial  nickel-base  v 

alloys  (Rene’  100,  91-200,  Inco  713C,  Rene*  41,  and  U-700)  and  one  experimental 
alloy  (Rene'  Y*)  were  fully  characterised.  All  alloys,  with  the  exception  of  ( 

Rone'  Y,  displayed  n  similar  mode  of  oxidation  and  the  same  undesirable  features.  ^ 
This  was  particularly  true  for  the  cast  alloys  (Rene'  100,  94-200,  and  Inco  71  )C) 
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whom;  usefulness  at  temperatures  above  1700°P  is  limited  byt  1)  excessivo 
oxide  spalling  in  a  thermal  cycling  environment;  2)  oxide  vaporisation 
in  a  high  velocity  atmosphere ;  and  3)  a  general  lack  of  resistance  to  hot 
corrosion  environments.  These  deficiencies  were  attributed  to  the  forma¬ 
tion  of  heterogeneous  oxide  scales  which  contained  non-protective  and  volatile 
oxide  phases.  Rene'  Y  on  the  other  hand,  was  notably  imsiune  to  these  defi¬ 
ciencies  at  temperatures  up  to  2000° F  due  to  the  La-induced  formation  of  a 

tenacious  MnCr  0,  spinel  oxide.  This  La  +  Mn  doped  alloy  displayed  far 

2  *  (10) 

superior  oxidation  behavior  than  its  counterpart,  Hastelloy  X  • 

As  evidenced  by  the  Rene  Y  findings,  the  most  obvious  and  ideal  solution  to 
the  adverse  oxidation  and  hot  corrosion  resistance  of  Rene'  100,  Sm-200, 
and  Inco  71 3C  involves  the  promotion  of  a  stable,  single  phase  oxide  which 
possesses  compatibility  with  the  substrate  metal.  Theoretically,  this 
can  be  obtained  through  control  of  the  scale  and  subscale  reactions  by 
addition  of  elements  which  increase  the  effective  activity  of  critical 
constituents,  such  as  aluminum  or  chromium,  thereby  increasing  the  pro¬ 
pensity  for  their  incorporation  into  the  surface  oxide.  The  "rare-earth" 
elements,  which  are  less  noble  than  any  other  normal  superalloy  solute 
could  be  used  for  sacrificial  oxidation  and  in  the  process,  increase  the 
concentration  of  otherwise  subscale  components  in  the  surface  scale. 

2.2  The  Effect  of  "Rare  Earth"  Type  Elements*  On  Alloy  Behavior 


2.2.1  General 

The  use  of  rare  earth  elements  to  improve  the  characteristics  of  metals 
and  alloys  is  no  new  innovation:  a  study  of  the  effects  of  rare  earth  elements 
on  the  properties  of  cast  iron  were  first  made  more  than  forty-five  years 
ago  by  Moldonke^^.  Approximately  twenty  years  later  in  Germany,  Hessenbruch 
investigating  alloys  for  electrical  heaters,  discovered  that  reactive  metal 
additions  greatly  improved  the  service  life  of  Ni-Cr  and  Fe-C r-Al  alloys.  The 
stainless  steel  industry,  seeking  better  workability  of  austenitic  Cr-Ni  steels, 
investigated  the  effect  of  additions  of  rare  earths  in  the  form  of  misdseetal 
Such  additions  were  found  to  be  effective  for  Ni-Cr-Ho  base  alloys  which 
formerly  were  not  even  hot  workabl©^^. 


•For  the  purpose  of  this  discussion  these  elesients  refer  to  the  strong  oxide 
formers  'such  as  the  lanthanons,  calcium,  cerium,  beryllium,  scandium,  thorium 
and  yttrium. 
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The  metallurgical  applicability  of  the  rare  earths  increased  markedly  during 

the  next  few  years*  A  comprehensive  bibliography  by  Prochomich^^  contains 

sixty-nine  references  from  foreign  and  domestic  investigators,  and  demonstrates 

the  active  interest  in  rare  earth  research*  A  more  recent  review  of  the 

(15) 

subject  has  been  presented  by  Collins  and  co -workers  .  A  number  of  texts 

on  the  subject  have  also  been  published  recent ly^”20^ 

2*2*2  The  Influence  of  the  Rare  Earth  Elements  on  Oxidation  Resistance 

The  improvements  resulting  from  small  additons  of  reactive  elements  to  heat 

(21-25) 

resisting  Ni-Cr  alloys  have  been  fully  verified  .  However,  with  the 

exception  of  some  stainless  steels,  ^  Fe-Cr-Al-Y^2^  and  T.  D.  Nickel 
only  a  few  commercial  alloys  have  been  developed  utilizing  this  knowledge  to 
improve  oxidation  resistance*  The  absence  of  more  profound  oxidation  resistant 
nickel-base  superalloy  developments  using  this  technology  is  obvious,  and 
appears  to  stem  from  a  lack  of  understanding  as  to  the  manner  in  which  these 
doping  additions  afford  improvement*  Very  few  systematic  studies  have  been 
conducted  to  establish  if  this  group  of  some  fifteen  elements  all  act  similarly 
or  if  same  produce  greater  beneficial  effects  than  others.  Only  the  most 
common  of  this  group  of  elements  (i.e.m  calcium,  cerium,  yttrium,  and  lanthanum) 
have  received  evaluation  regarding  their  ability  to  enhance  surface  stability. 

(  31 ) 

Collins  evaluated  xhe  effect  of  various  concentrations  of  thirteen  of  the 
rare  earths  in  an  effort  to  improve  the  oxidation/nitridation  behavior  of 
chromium*  The  scaling  behavior  was  found  to  vary  considerably  with  both  the 
specific  rare  earth  element  and  concentration*  All,  however,  offered  an 
improvement  relative  to  chromium,  by  reducing  the  spalling  tendencies  of 
the  oxide  and  the  amount  of  nitrogen  absorbed.  With  praseodymium,  neodymium, 
pdoliniis%  erbium,  lutetium,  and  yttrium  additions, the  improved  scaling 
resistance  continued  fot  exposure  temperatures  in  excess  of  2500°F.  Of  these 
elements,  however,  it  was  concluded  that  additions  of  yttrium  yielded  the 
moat  marked  improvement  in  oxidation  behavior.  More  recent  studies  by  Clark 
and  Vukusick  to  develop  high-teraperature  chromium  alloys  have  included 

the  effects  of  reactive  metal  additions  such  as  Y,  Ce,  La,  l'h,  Pr,  Be  and 
mischmetal  on  the  nitrification  inhibiting  properties  and  general  oxidation 
behavior.  Additionu  of  La  and  La  plus  Y  were  found  to  be  most  effective. 
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(34  35) 

Felton  ’,  in  studying  no re  oxidation  resistant  Fe-Cr  alloys,  investi¬ 
gated  the  effects  of  additions  of  equal  amounts  of  yttrium,  lanthanum, 
gadolinium,  dysprosiuM,  and  erbium*  His  results  indicated  that  All  the  rare 
earth  elements  evaluated  improved  the  oxidation  behavior,  of  Fe^-Cr  alloys 

by  enhancing  scale  adherence  through  filamentary  internal  oxide  growth* 

(5) 

Similar  results  were  reported  by  Vlodek  in  his  initial  studies  to  Modify 
Hastelloy  X  with  cerium,  lanthanum,  yttrium,  magnesium, and  beryllium 
additions. 

(36) 

Recent  unpublished  work  by  Lombard  indicates  that  Y,  La,  Pr,  Nd,  Sm, 

Dy,  Ho,  Er,  Yb  and  Th  additions  to  IN-1CX)  can  produce  variable  results. 

The  results  of  these  cursory  studies  illustrate  a  variation  in  the  static 
oxidation  behavior  with  both  concentration  and  type  of  rare  earth  addition* 
These  results  further  demonstrate  Y  to  be  the  most  effective  addition  and 
that  rare  earth  additions  to  XN-100  must  be  kept  below  0.4%  if  a  maximum 
beneficial  effect  is  to  be  derived. 

Since  the  development  of  Rene'  this  laboratory  has  conducted  various 

exploratory  studies  to  determine  the  influence  of  rare  earth  additions  on 
nickel-base  superalloys*  Oxidation  studies  have  been  conducted  on  TD  Ni-Cr, 
Rene' -100*  and  INCO  71 3C  doped  with  lanthanum  plus  manganese,  and  Rene*  Y 
with  variable  lantlianum  content.  These  studies  have,  in  general,  indicated 
that  the  beneficial  effect  derived  from  rare  earth  element  additions  is 
dependent  upon  their  concentration  in  the  alloy,  the  alloy  base  used,  and 
the  type  of  atmosphere  the  alloy  is  exposed  to. 


M 


It  is  interesting  to  note  that  with  the  exception  of  INCO  71?C,  and  in  some 

instances  Rene'  Y,  little  significant  difference  was  observed  between  the 

thermogravimetrically  determined  oxidation  rates  of  these  alloys  at  lB0O°F 

in  the  doped  and  undoped  condition,  indicating  that  rare  earth  additions 

primarily  promote  the  formation  of  more  adherent  oxide  Series.  The  actual 

mechanism  by  which  rare  earths  increase  scale  adhesion  and  general  oxidation 

(37) 

resistance  has  not  been  fully  defined.  Wenderott  presented  a  good 
summary  of  the  various  theories  which  have  been  put  forth  and  the  conflicts 
that  exist.  The  various  mechanisms  proposed  can  be  generalized  as  follows: 

♦Modified  IN-100  for  internal  phase  stability 
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(1)  "Blocking"  of  dif fusion  within  the  oxide  scale  due  to  the 

(12) 

high  ironic  volume  of  the  rare  earths  . 

(2)  formation  of  a  "harrier"  oxide  at  the  oxide  metal  interface*22’3*** 

())  Enhanced  diffusion  of  desirable  elements  by  altering  base  metal 
properties*25*37*. 

(4)  Mechanical  "keying"  via  grain  boundary  oxidation*2*1’2^* 35 * 

Without  expounding  upon  the  various  theories  suffice  it  to  say  that  no  single 

proposed  mechanism  appears  to  fully  account  for  the  oxidation  behavior  of 

(a)  (35) 

Rene1  T  •  The  oxidation  behavior  of  Rene*  Y  has  tenatively  explained 

\ 

utilising  a  number  of  mechanisms  which  interact  as  follows:  The  lanthanum 
originally  presented  as  a  complex  carbide  is  liberated  by  reaction  with 
oxygen  (LaC  ♦  02  **♦  CO^  ♦  La)  and  concentrates  in  the  surface  oxide  near 
the  grain  boundary  "cusps"  at  the  oxide  metal  interface.  Here  it  accomplishes 
the  following: 

(1)  Reduces  internal  oxidation  of  SiO,,  by  forming  a  more  stable  grain 
boundary  interface  oxide  (lower  dissociation  pressure) 

(2)  Reduces  scaling  rate  (high  temp/long  time)  by  interacting  with 
tramp  elements  (S,  P,  Pb,  Sn,  etc)  which  normally  diffuse  via  grain 
boundaries  and  would  increase  the  vacancy  concentration  within  the 
oxide. 

(3)  Increases  oxide  plasticity  at  grain  boundary/interface  regions 
reducing  interfacial  shear  stresses  during  thermal  cycling  thus 
enhancing  scale  adherence. 

(4)  Alters  the  activity/di ffUsivity  of  Cr,  and  Mn  to  produce  a  more 
stable  MnCr^O^  spinel. 

However,  the  exact  mechanisms  responsible  for  these  effects  remain  somewhat 
elusive. 
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2.2.3  The  Effect  of  Minor  Element  Addition!  on 


In  the  presentation  ct  this  background  of  publiaked  info  mat  ion  ml  «wur 

cam  «xperiencef  we  have,  so  far*  restricted  the  discussion  to  date  in  static 

or  slow  flowing  air.  However,  a  high  temperature  component  in  «  jot  angina 

may  be  exposed  to  a  sore  complex  environment.  The  combustion  products  of 

jet  engine  fuel  produce  a  high  velocity  environment  containing  °a*  *a* 

and  H  O,  which  might  alsc  be  ocntaminated  with  90,  end  alkali  metal  halite 
2  2 

and  sulfate  salts. 

(40) 

With  the  exception  of  studies  by  Preece  and  Incas  ,  relatively  little  data 

exist  regarding  the  behavior  of  superalloys  in  high  velocity  combustion 

(9) 

products.  Our  previous  studies  have  demonstrated  that  significant  metal 
loss  can  result  from  the  volatilisation  of  Cr^  from  oxide  scales  produced 
on  nickel-base  superalloys.  During  development  studies  of  Rene1  Y  the 
effectiveness  of  lanthanum  and  manganese . in  reducing  such  metal  losses  daring 
exposure  to  high  velocity  combustion  products  was  demonstrated.  The  first 
modification  of  Hastelloy  X,  called  Dene*  X,  was  essentially  Haste iloy  X 
with  lanthanum  added  but  no  manganese.  In  static  air  exposure,  'dene*  X 
showed  a  narked  improvement  over  Hastelloy  X  in  terms  of  scale  adherence 
and  internal  oxidation.  However,  when  exposed  to  high  velocity  atmospheres 
the  extent  of  metal  loss  for  Rene*  X  was  greater  than  for  Hastelloy  X.  An 
examination  of  reaction  products  formed  during  static  oxidation  indicated 
that  the  addition  of  lanthanum  to  Hastelloy  X  promoted  an  oxide  scale  con¬ 
sist  ing  rolely  of  Cr O  ,  whereas  the  normal  Hastelloy  X  contained  a  more 

2  j 

stable  NiCro0,  +  Cr  O  scale.  Although  the  Cr  O,  oxide  was  extremely 

w  *1  6  j  2  J9 

protective  in  static  air  environments,  the  vapor  pressure  of  CrO^  over  Cr20j 

was  sufficient  to  produce  a  loss  of  chromium  in  high  velocity  atmospheres. 

Therefore,  as  an  additional  modification  1.0  w/o  manganese  was  added  to  Pone* 

X  yielding  the  far  superior  Rene*  Y  The  decrease  in  CrO^  volatilisation 

for  this  alloy  is  duo  to  the  formation  of  a  highly  protective  MnCro0,  spinel 

overgrowth  on  the  original  Cr  O  ,  The  formation  of  this  protective  scale  is 

3  3 

attributed  to  the  combined  action  of  lanthanum  and  manganese,  since  Hastelloy 


*  The  term  "dope"  as  used  in  this  test  refers  to  "a  preparation  for  giving  a 
desired  quality  to  a  substance  or  surface"  —  ref.  Webster; s  Seventh  New 
Collegrato  Dictionary 
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X  contains  nearly  the  same  manganese  level  (0.8  w/o)  but  does  not  exhibit 

to) 

as  atabJ  e  an  MnCr  0,  spinel '  .  The  effect  of  manganese  in  promoting  spinel 

2  *  (12  22  41) 

format ion  has  been  observed  by  other  investigators  *  “*  but  its  beneficial 

effect  has  never  truly  been  demonstrated  before. 

It  is  well  known  that  nickel-base  alloys  are  not  inherently  resistant  to 

'  (42-45) 

sulikr-containing  hot  corrosion  atmospheres  .  However,  recent 

(46  47)  r 

studies  *  performed  by  tne  Flight  Pro  julsion  Division,  General  Electric 
Company,  Lynn,  Massachusetts  and  the  Materials  and  Process  Laboratory  of 
the  Large  Steam  Turbine  Department,  General  Electric  Company,  Schenectady, 

Hew  York,  have  demonstrated  that  minor  additions  of  lanthanum  and  yttrium 
to  both  nickel  and  cobalt  alloys  reduce  the  extent  of  attack. 

To  more  fully  explore  the  potential  of  minor  element  additions  toward 
improving  the  surface  stability  of  nickel-base  alloys  a  series  of  cursory 

-  (48) 

hot  corrosion  tests  were  conducted  ■  These  tests  were  conducted  on 
laboratory  size  chill-castings  of  commercial  and  experimental  nickel-base 
superalloys  whose  properties  are  attractive  for  future  gas  turbine  applica¬ 
tions.  As  shown  in  Figures  1  and  2  and  summarized  in  Figure  3  all  alloys 
tested  were  benefit  ted  by  the  "rare-earth"  additions  and  the  extent  of 
imprvremeot  appeared  to  increase  as  the  Al/Cr  ratio  wixhin  the  alloy  in¬ 
creased.  The  effect  of  doping  element  additions  on  the  hot  corrosion 
resistance  of  Rer.e*  1G0  is  vividly  illustrated  by  the  general  appearance 
and  aic restructures  shown  in  Figure  4.  The  reaction  products  formed  on 
those  specimens  with  0.31  w/o  La  or  greater  were  extremely  dense  and  tena¬ 
cious  even  at  the  edges  of  the  specimens  whereas  the  alloys  with  lesser 
amounts  of  Ls  suffered  severe  sulfidation  attack.  On  the  basis  of  metal 
loss,  Rene’  100  with  >  0.31  w/o  La  was  a  factor  of  300  better  than  the 
undoj-ed  material  and  far  superior  to  any  uncoated  nickel-base  alloy  de¬ 
veloped  to  date.  However,  recent  attempts  at  this  laboratory  to  produce 
investment  castings  with  similar  resistance  have  not  been  as  successful. 

In  summary,  the  additions  of  doping  elements  have  been  demonstrated  to 
grossly  improve  both  the  oxidation  behavior  and  sulfidation  resistance  of 
alloys  with  otherwise  poor  resistance.  As  such  this  approach  offers  con¬ 
siderable  merit  as  an  extension  of  current  superalloy  development  technology 
and  a  fruitful  means  of  improving  future  generation  alloys. 
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2.2.4  Effect  of  Minor  Element  Additions  on  Mechanical  Properties 
and  Internal  Stability 

There  is  little  information  available  regarding  the  effect  of  these 
minor  element  additions  on  the  mechanical  properties  and  internal  phase 
stability  of  these  already  complex  jf*  strengthened  nickel-base  alloys*  The 
literature  contains  many  references  regarding  the  beneficial  effect  of  rare 
earths  for  improving  the  properties  of  the  cast  irons  and  stainless  steels* 

The  rare  earths  generally  act  as  scavengers  in  these  alloys  usually  yielding 
a  finer  grain  size,  finer  carbide  dispersion,  and  an  accompanying  increase' 
in  ductility  and  workability, 

(49) 

Current  chromium  alloy  development  studies  being  conducted  at  this 

laboratory  have  shown  a  marked  increase  in  workability,  ductility  and  grain 

refinement  with  the  addition  of  rare  earth  elements.  Similarly,  small 

additions  of  the  rare  earths  to  pure  nickel  completely  eliminate  the  "hot 

brittleness"  zone*  and  greatly  increase  plasticity  through  an  interaction 

(50) 

with  low  melting  sulfides  and  phosphides  .  However,  excessive  amounts 
of  rare  earth  additions  produced  brittle  phases  and  a  reversed  effect. 

Lanthanum  and  yttrium  additions  now  being  evaluated  for  the  development  of 

(47) 

hot  corrosion  resistance  nickel  and  cobalt  base  alloys  did  not  produce 
any  detrimental  effects  on  micro structure  or  mechanical  properties  of  the 
alloys  studied.  In  fact,  yttrium  additions  of  0,15  w/o  to  cobalt  base 
alloys  appear  to  promote  precipitation  of  carbides  in  a  finer,  more  evenly 
distributed  form,  yielding  an  increased  rupture  life. 

Studies  at  the  Naval  Research  Laboratory  on  doped  cobalt  alloys^1  ^  indicated 

significant  improvements  in  high  temperature  tensile  strength,  stress  rupture 

life  and  ductility  as  a  result  of  mischmetal  additions.  The  more  current 

(52) 

Haynes  Stellite  alloy  HS-188  shows  no  degradation  in  properties  as  a 
result  of  the  La  and  Mn  additions. 

A  mechanical  property  evaluation  of  Rene'  indicated  that  0.15  w/o 

lanthanum  additions  to  Hastelloy  X  significantly  increased  the  tensile 
ductility  without  altering  the  100  hour  stress  rupture  life.  However, 

♦The  sharp  reduction  in  plasticity  observed  for  nickel  between  550°  and  950°C. 
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work  with  Rene'  Y  indicated  that  a  lanthanum  content  greater  than  0.2  w/o 
and  manganese  higher  than  1.5  w/o  contributed  to  hot  working  and  welding 
problems  due  to  apparent  incipient  melting. 

Cn  the  pessimistic  3ide,  studies  have  been  conducted ^53*5^)  which  indicate 
that  rare  earth  additions  to  stainless  steels  drastically  impair  hot  work¬ 
ability  and  high  temperature  strength  due  to  grain  boundary  and  inter- 

dendretic  segregation  of  low  melting  rare  earth  phases.  Recent  work  at  this 
(48) 

laboratory  on  commercial  size  castings  of  doped  Rene’  100  also  exhibit 
a  degradation  of  high  temperature  properties.  However,  the  actual  severity 
of  this  problem  is  difficult  to  assess  due  to  complicating  factors  such  as 
zirconium  pickup  during  melting. 

3.0  TECHNICAL  NOHK  PLAN 

The. investigation  sunuarized  in  this  report  was  conducted  in  two  phases. 

Phase  I  was  concerned  primarily  with  screening  the  effects  of  various  doping 
additions  with  respect  to  oxidation/hot  corrosion  resistance  and  mechanical 
properties.  Phase  II  applied  the  knowledge  gained  from  Phase  I  to  further 
optimize  the  doping  additions  and  produce  scale-up  heats  for  a  more 
thorough  evaluation  of  surface  stability,  mechanical  properties, and  phase 

(55) 

stability.  Details  of  the  Phase  I  work  plan  have  been  reported  previously 
but  Phase  II  studies  have  been  modified  slightly  to  better  utilize  knowledge 
gained  from  Phase  I. 

3.1  Phase  I  Screening  Tests 

Phase  1  involved  a  study  of  the  effects  of  small  additions  of  Group  III  B  ele¬ 
ments,  the  rare  earths,  thorium,  and  manganese,  both  separately  and  in  combi¬ 
nation,  on  the  surface  stability  of  Rene*  100  and  AF  2-ID.  Rone’  100*  was 

selected  since  it  is  one  of  the  strongest  available  cast  turbine  blade  alloys 

C57) 

with  demons! rated  metallurgical  stability.  Universal  Cyclops  developmental 

alloy  Unitemp  AF2-10A  was  selected  since  it  represents  a  high  strength  forge- 

% 

able  nickel-base  alloy  showing  potential  for  forged  turbine  wheels  and  blades. 
It  was  desirable  to  include  a  wrought  alloy  in  thia  program  since  the  optimum 
effoct  of  minor  element  additions  nay  be  dependent  on  mechanical  working  to 

•IN- 100  with  composition  modified  for  maximum  internal  stability.  ^ 
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refine  grain  size  and  provide  a  uniform  distribution  of  secondary  phases 
containing  the  minor  addition  elements* 

A  tutal  of  six  doping  elements,  each  at  two  concentration  levels  were  added 
to  Rene'  100.  Two  concentration  levels  of  five  rare  earth  elements  were 
added  to  AF  2- IDA.  In  addition,  to  study  interaction  effects  between  the 
rare  earths  and  Mn,  alloys  incorporating  two  or  more  doping  elements  were 
considered.  Selection  of  rare  earth  elements  was  based  on  the  physical/ 
chemical  property  data  tabulated  in  Table  I.  Additional  considerations 
involved  the  solubility  of  these  elements  in  nickel  and  their  cost  or 
availability.  Assuming  physical/chemical  properties  govern  behavior,  the 
elements  can  be  divided  into  at  least  four  distinct  groups  as  shown  in 
Table  I.  This  breakdown  along  with  economic  factors  reduces  the  number 
of  rare  earth  elements  to  be  evaluated.  Since  the  addition  elements  vary 
considerably  in  atomic  weight,  their  concentrations  were  selected  on  the 
basis  of  atomic  weight  to  more  equally  assess  their  effect. 

All  of  the  alloys  produced  for  Phase  I  studies  were  screened  through  a 
similar  evaluation  procedure  to  determine: 

(1)  cyclic  oxidation  at  2000°F  and  l800°F 

(2)  oxidation  kinetics 

(3)  hot  corrosion  at  1725  +  25°F/5C  hr  with  100  ppm  salt 

(4)  metal logra phi c  evaluation  of  extent  of  attack 

(5)  X-ray  and  microprobe  identification  of  reaction  products 

(6)  1500  F  stress  rupture  and  room  temperature  tensile  properties 

In  those  instances  where  gross  differences  in  the  oxidation  behavior  of  the 
various  alloys  was  observed  additional  evaluation  was  conducted  to  identify 
the  cause(s)  of  such  behavior.  This  was  accomplished  by  using  the  various 
evaluation  techniques  employed  by  M&PTL  in  the  past*9*. 
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3.2  Phase  II  Studies 

After  completion  of  Phase  I,  the  two  compositions  demonstrating  the  greatest 
improvement  in  oxidation  resistance  and  hot  corrosion  behavior  were  to  be 
selected  for  scale  up  to  larger  size  ingots  for  a  more  complete  oxidation 
study  and  mechanical  property  evaluation.  The  compositions  were  to  be 
selected  after  a  review  of  the  data  and  consultation  with  the  Air  Force 
Materials  laboratory  Project  Engineer.  However,  Phase  II  was  subsequently 
redirected  based  on  Phase  I  results.  Phase  I  successfully  demonstrated 
that  certain  rare  earth  additions  at  specific  levels  improve  the  surface 
stability  of  Rene'  100,  however,  mechanical  property  degradation  also 
resulted.  Therefore,  no  single  alloy  composition  which  contained  both 
oxidaCion/hot  corrosion  resistance  and  mechanical  retention  was  identified. 
Phase  II  effort  redirection,  therefore,  emphasized  meeting  this  objective 
by  melting  and  testing  at  least  six  large  heats  (15  lbs)  ex'  selected  Rene' 

100  compositions  designed  to: 

(1)  further  evaluate  the  surface  stability  and  mechanical  properties 
of  some  of  the  better  alloys  from  Phase  I. 

(2)  optimize  the  type  and  concentration  of  rare  earths  to  obtain  a  good 
combination  of  oxidation/hot  corrosion  resistance  and  mechanical 
properties 

(3)  study  the  influence  of  vanadium  on  the  surface  stability  of  doped 
Rene ’  100 

(4)  obtain  some  understanding  of  the  factors  responsible  for  the 
differences  in  surface  stability  observed  between  doped  "chill- 
castings"  and  doped  investment  castings 

The  experimental  techniques  for  evaluating  these  alloys  were  similar  to  those 
employed  in  Phase  I.  However,  more  extensive  mechanical  property  evaluations 
were  included. 
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4.0  EXPERIMENTAL  PROCEDURES  AND  APPARATUS 

The  testing  procedures,  apparatus  and  evaluation  techniques  utilised  in 

(7  9) 

these  studies  have  all  been  thoroughly  describee  in  other  reports  *  • 

In  some  instances  deviations  frost  these  standardized  techniques  were 
required.  These  deviations  are  described  in  the  text  to  insure  proper 
interpretation  of  data. 


5.0  ALLOY  PROCESSING  AND  CHARACTERIZATION 


5.1  General 

It  is  important  in  any  alloy  development  program  to  document  the  processing 
of  material  and  to  characterize  the  resulting  material.  An  understanding  of 
material  processing  variables  permits  a  better  interpretation  of  subsequent 
material  behavior.  This  was  particularly  true  in  this  program  where  material 
processing  proved  more  of  a  problem  than  originally  anticipated.  The  following 
sections  present  a  description  of  the  processing  used  for  the  two  base  alloys, 
the  difficulties  encountered,  and  characterization  (i.e.,  chemical  analysis 
and  structure)  of  the  resultant  material. 

5.2  Preparation  of  Rare  Earth  Master  Alloy 

To  facilitate  the  additions  of  the  reactive  metals  to  the  nickel-base  alloys 
without  excessive  reaction  and  "sputtering"  losses,  they  were  added  as  Ni,_ 

(R.E. )  master  alloys.  Over  fifty  such  inert  arc  melted  alloy  buttons  were 
prepared  from  the  elemental  additions.  Care  was  taken  to  insure  tusaogeneity 
in  each  button  by  remelting  at  least  four  times.  The  elesmnts  were  charged 
as  Ni^(R.E. )  and  it  was  originally  intended  to  employ  melting  loss  measure¬ 
ments  to  determine  the  R.E.  retention  of  each  button  assuming  only  R.E.  was 
lost.  However,  the  master  alloys  were  so  brittle  that  they  usually  crumbled 
during  removal  from  the  furnace  and  determination  of  melting  losses  was 
impossible.  A  metal logrephic  examination  of  the  Ni^(R.E.)  alloy*,  typified 
by  interdendritic  phase  was  present.  The  amount  of  this  phase  was  minor  and 
seldom  more  than  30  volume  percent.  Examination  under  polarised  light 
Figure  5A(b)  indicated  an  optically  active  matrix  but  only  a  portion  of 
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the  second  phase  polarized.  Since  the  eutectic  for  the  Ni-R.S.  systems 
ai^e  hear  the  Ni^(R.E. )  compound,  the  structure  observed  was  considered 
hypereutectic.  As  a  check,  at  least  one  button  of  each  rare  earth  element 
was  chemically  analyzed.  The  results  shown  in  Table  XI  indicate  the  alloys 
were  essentially  Ni^R.E.  and  the  low  melting  phase  probably  a  R.E.  rich 
eutectic. 

To  minimize  the  volatility  of  Mn  it  was  also  added  to  the  melts  as  a  50-50 
Ni-Mn  master  alloy. 

5.3  Preparation  of  Doped  Unitemp  AF-21DA 

5.3.1  Melting  and  Extrusion  of  Initial  Uni temp  AF2-1DA  Alloys 

(M) 

The  Uni  temp  AF  2-1DA  master  alloy  was  induction  melted  (  ^300  lb) 
wider  an  argon  blanket.  Thirty  (30)  pound  charges  of  this  heat  were  vacuum 
remelted  and  cast  into  individual  15  lb  ceramic  hot  top  molds  at  two  dopant 
concentration  levels.  This  was  accomplished  by  first  adding  the  Ni^R.E. 
master  alloy  to  the  30  lb  charge  at  the  0.1  a/o  level,  pouring  one  half  the 
charge  then  increasing  the  R.E.  addition  to  0.2  a/o  and  pouring  the  remaining 
15  lbs  into  another  amid.  The  general  procedures  employed  during  the  melting 
were  as  follows: 

(1)  Charge  and  vacuum  remelt  material  from  the  master  heat 

(2)  Make  required  additions  to  meet  base  chemistry 

(3)  Fully  deoxidize 

(4)  Add  rare  earths  and  wait  for  the  reaction  to  cease 

(5)  Tap  first  ingot 

((>)  Add  more  rare'  earths  and  wait  for  reaction  to  stop 

(7)  Tap  second  heat 

(8)  Tap  chemistry  heat 

All  of  the  heats  acted  similarly.  When  the  deoxidizers  were  added  the  pressure 
in  the  melting  chamber  increased  significantly.  As  the  deoxidation  reaction 
quieted,  the  pressure  dropped  to  the  level  attained  during  melting  of  the  bulk 
charge.  The  vacuum  employed  during  melting  was  relatively  high  and  the  pressure 
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at  tapping  varied  from  80  to  300  microns.  A  chemical  analysis  of  the  alloys 
determined  by  S pec tro chemical  laboratories  and  GE-M&PTL,  are  reported 
in  Table  III.  Although  the  metallic  and  non-metal lie  elements  are  > 
within  specification,  the  gas  content  is  Considerably  higher  than  desired. 

An  evaluation  of  these  results  indicate  that  insufficient  degassing  during 
remelting  of  the  master  heat  and  lUrnace  leakage  during  melting  are  re¬ 
sponsible  for  the  high  gas  content  obtained.  The  increase  in  pressure 
noted  upon  the  addition  of  the  rare  earths  may  be  the  result  of  reaction 
with  the  MgO  crucible.  Making  the  additions  while  under  vacuum  may  also 
account  for  the  reaction  noted.  Previous  doped  nickel  alloy  melting 

experience  (Rene*  Y)  gave  no  such  reactions  when  a  ZrO  crucible  wan 

2 

used  and  melting  performed  under  a  partial  pressure  of  argon. 

One  half  the  ingot  from  each  of  two  similar  rare  earth  containing  alloys 
were  machined  and  canned  together  for  '* piggy-back"  type  extrusions.  The 
conditions  for  extrusion  entailed  consideration  of  (1)  rare  earth  phase 
distribution;  (2)  incipient  melting;  and  (3)  alloy  formability.  The  alloys 
were  extruded  at  2025°F  and  an  8*5:1  ratio.  An  X-ray  and  metal lographic 
evaluation  indicated  poor  quality  material.  Figure  6  shows  microstructures 
typifying  the  problems  encountered  with  some  of  the  extrusions,  i.e. 
massive  inclusions  and  stringering;  extensive  surface  cracking;  and, 
internal  grain  boundary  tearing.  Figure  7  illustrates  the  variation  in 
stringering  among  the  alloys.  The  extent  of  stringering  was  directly 
related  to  the  gas  content.  The  general  structure  of  the  alloys  after 
electroetching  is  shown  in  Figure  8.  The  grain  size  was  unifomily  fine 
between  alloys  but  different  degrees  of  primary  / '  formation,  stringering, 
and  carbonitride  formation  were  noted.  The  rare  earth  rich  phase  could 
not  be  truly  identified.  Considering  the  gas  content  of  the  alloys  and 
tho  fact  that  approximately  6  ppm  of  R.B.  will  react  with  1  ppm  0  to  form 
REgO^,  most  of  the  rare  earths  would  have  reacted  to  form  stable  oxides 
or  carbonitrides.  This  was  borne  out  by  an  x-ray  analysis  of  extracted 
residues  in  which  considerable  RE  0-,  was  detected  in  the  alloys. 

3  J 


15 


As  indicated  above  the  initial  AF2-1DA  alloys  were  unsuitable  due  to 
excessive  gas  contamination*  All  of  the  doped  AF  2- IDA  alloys  were  re- 
Mel  ted  utilising  the  following  modifications  in  casting  technique  as  a 
Swans  of  minimising  gas  contamination  and  poor  quality  castings: 

(1)  The  use  of  vacuum  netted  base  alloy  melting  stock 

(а)  The  use  of  stabilized  ZrO^  crucibles  as  opposed  to  the  less  stable 
MgD  crucibles 

(3)  Discard  any  heats  where  vacuum  was  worse  than  7y  during  melting 

(4)  Use  1/3  at st  argon  prior  to  the  R.E.  and  Hn  additions 

(5)  Cast  direct '.y  into  thick  walled  mild  steel  molds 

As  for  the  initial  heats  approximately  thirty  (30)  pound  charges  of  the  vacuum 
melted  master  heat  were  vacuum  remelted  and  cast  into  individual  15  lb*  ceramic 
hot  topped  mild  steel  molds  at  the  two  dopant  concentrations*  The  general 
procedures  employed  during  melting  are  ouclined  below: 

(1)  Charge  and  vacuum  remelt  master  heat 

(2)  Make  required  additions  to  satisfy  AF  2-1DA  chemistry 

(3)  Fully  deoxidize  with  A1  and  Ti 

(4)  Back  fill  with  1/3  atm  argon 

<5#  Add  initial  charge  of  rare  earth  and  manganese  as  Ni  master  alloys 

(б)  Increase  supeiheat,  hold  for  approx*  3  minutes,  and  tap  first 
ingot 

(7)  Add  remainder  of  rare  earth  ard  manganese 

(8)  Repeat  step  #6 

(9)  Tap  chemistry  heat 

Contrary  to  the  behavior  of  the  first  series  of  these  alloys,  no  excessive 
reaction  was  observed  upon  adding  the  reactive  metal  additions  indicating 
deoxidation  was  complete.  The  resultant  ingots  were  very  clean  with  little 
or  no  surface  slag  formation,  had  good  surfaces,  and  contained  no  blow  holes. 
The  chemical  analyses  of  these  alloys  (Table  IV)  verify  high  quality  ingots. 
With  the  exception  of  higher  than  normal  Zr  these  chemistries  arc  within 
specification.  The  high  Zr  content  is  the  result  of  reaction  between  the 
roactivo  yw'tnl  additions  and  the  ZrO^  crucible.  The  retention  of  the  reactive 
metal  additions  was  well  within  the  80  +  5#  initially  predicted. 
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Since  nil  of  the  ingots  were  cast  into  2"  dia.  steel  pipe  with  1/2”  wall*  ] 

the  meld  was  utilized  as  part  of  the  extrusion  billet*  The  ingots  and 
molds  were  cut  in  two,  a  nose  and  tail  plate  welded  to  the  mild  steel  mold, 
and  machined  into  extrusion  billets.  The  actual  extrusion  parameters  used  • 

and  the  general  condition  of  each  alloy  after  extrusion  are  summarized  in  | 

Table  V,  As  indicated  the  extrusions  of  La  and  Ce  containing  alloys  j 

w rattle- snaked”  badly.  This  was  considered  to  be  the  result  of  extruding  | 

the  ingots  with  "as-cast"  surfaces.  Thus,  all  ingots  were  de-canned,  the  | 

surfaces  of  the  ingots  machined  and  reinserted  into  thicker  walled  extrusion  1 

cans.  Upon  re-extrusion,  the  condition  of  the  La  and  Ce  containing  alloys,  ’ 

was  not  much  improved  but  the  other  alloys  all  appeared  to  extrude  well.  : 

However,  subsequent  metal lographic  examination  revealed  all  alloys,  in-  j 

eluding  those  which  extruded  well,  contained  micro fissures.  The  extent  of  \ 

.  ■  j 

this  hot  tearing  appeared  to  vary  inversely  as  the  melting  point  of  the  R.F.  ] 

1 

-Ni  eutectic  as  shown  below.  J 


System 

Ni-Rfch 

Eutectic 

R.E.-Rich 

Eutectic 

Ni-Th 

2372°P 

1832°F 

Ni-Gd 

2354°F 

i425°F 

Ni-Y 

2336°? 

1535°F 

Ni-La 

2270°F 

923°F 

Ni-Ce 

2210°F 

878°F 

Ni-Er 

N.D. 

N.D 

Ni-Sm 

N.D. 

N.D. 

N.D.  -  no  data  available 


The  extent  of  hot  tearing  thus  increased  in  the  following  order:  Th,  Gd,  U, 
La  and  Ce,  and  also  increased  with  the  concentration  of  the  additive.  As  a 
result  of  excessive  hot  tearing  no  useable  material  was  obtained  from  the  La 
and  Ce  containing  alloys  (alloy  § 5,  6,  7  and  8),  and  no  reliable  mechanical 
property  test  specimens  could  be  machined  from  any  of  the  alloys. 
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Certain  of  the  doped  alloys,  namely  4,8  &  10,  were  further  processed  1094 
reduction  by  rod  rolling  at  2000°P.  During  this  processing  all  the  alloys 
fractured  severity. 


The  extrusion  of  the  doped  AF  2-1DA  was  successful  in  breaking  down 
the  as-cast  structure  thereby  yielding  a  finer  dispersion  of  "rare-earth" 
containing  phases*  Figure  9  shows  the  variation  in  the  as-extruded  micro- 
structure  of  various  doped  alloys  and  Figure  10  illustrates  the  effect  of 
primary  working  on  the  phase  distribution.  Referring  to  Figure  9,  the 
following  micro structural  effects  can  be  attributed  to  reactive  eleaent 
additions: 

(1)  The  carbides  of  the  doped  alloys  are  no re  massive  implying  the 
reactive  metal  additions  alter  the  carbide/matrix  interaction. 

(2)  The  reactive  aetal  additions  induce  primary  /’  prime  eutectic 
formation  by  altering  the  phase  relations. 

Referring  to  Figure  10(a)  and  (c),  the  segregation  of  rare  earth  containing 
phases  together  with  primary  J  *  eutectic  modules  fora  a  continuous  grain 
boundary  network  in  the  as-cast  condition.  However,  as  shown  in  Figures  10(b) 
and  (d)  primary  working  by  extrusion  breaks  down  the  original  grain  bouudary 
network  and  greatly  refines  the  grains.  Additional  evidence  for  "rare-earth" 
phase  segregation  and  refinement  by  extrusion  is  presented  by  the  electron 
photomicrographs  shown  in  Figures  11  and  12.  These  clearly  depiot  the 
morphology  of  the  "rare-earth"  phase  and  the  effect  of  processing  on  further 
refinement.  The  morphology  of  "rare-earth"  shown  in  Figure  11  is  typical 
of  that  expected  by  the  last  liquid  to  solidify  indicating  this  phase  is 
relatively  low  malting.  Hence,  the  hot  tearing  produced  during  extrusion 
may  be  the  result  of  phase  liquation. 

Attempts  were  made  to  further  refine  the  "rare-earth"  phase  distribution 
by  rod  rolling  the  extruded  material.  It  was  also  hoped  tlwt  the  rod 
rolling  might  "hoal"  the  micro  cracks  produced  during  extr.u  tion.  Figure 
13  illustrates  that  considerable  refinement  could  be  produotd  by  rod  rolling 
££  1004  but  the  material  failed  during  this  additional  working. 
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5.4  Preparation  of  Poped  Rene*  100  mass  I  Alloys 
5.4.1  Melting 

The  gene*  100  bane  alloys  for  Phase  I  studies  were  vacuun  Melted  sad 
investment  cast  at  the  General  Electric  Research  t  Development  Or. ter 0  Ipedal 

molds  were  made  at  the  General  Electric  foundry,  Eveadale,  and  were  deef gaert 

to  provide  a  variety  of  cast  specimen  sines  and  shapes  for  the  screening  evaluation . 
The  mold  which  had  a  2-1/2  lb  capacity  yielded  the  following  cast  shapes: 

2  -  3/8"  dia  X  2 "  long  bars 

4  -  1/4”  dia  X  2"  long  pins 

6  -  3/16"  dia  X  2"  long  plan 

4  -  2"  X  1/2"  X  0.10"  slabs 

5/8"  dia.  down  pole 
1/2"  square  stringers 

Past  work  on  the  doping  of  this  alloy  has  Indicated  a  definite  influence 
of  R.S.  phase  else  and  distribution  on  the  environmental  properties  of  the 
alloy  with  fine  intragranular  precipitates  being  preferred.  Casting  para¬ 
meters  were  thus  optimised  to  yield  a  fine  grained  material.  The  Initial 
parameters  and  procedure  selected  are  outlined  below: 

(1)  Charge  and  melt  master  alloy  under  vacuum  (  <  5^) 

(2)  Cool  to  melt  plus  100*7  and  pressurise  chamber  with  argon  to  S/8  atm 

(3)  Add  rare  earths 

(4)  Preheat  mold  to  1700*f 

(5)  Increase  superheat  to  200*7  and  pour 

Although  the  casting  variables  selected  proved  satisfactory  for  easting  La  aad 
La  -  Mn  containing  alloys,  when  easting  oeriun  containing  alloys  (lc~«r  li<4JI. 
eutectic  temperature)  hot  tearing  oocurred  daring  f reusing.  Other  difficulties 
ouch  as  gas  entrapment  and  nonuaifova  grain  siae  were  encountered.  The  general 
cluster  configuration  and  severity  of  the  oastlng  problems  are  illustrated  im 
Figures  14  and  IS.  figure  14  (a)  illustrates  the  hot  tearing  previously  dis¬ 
cussed  while  Figure  14  (b)  Illustrates  the  effect  of  high  inert  gas  pressure 
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*wi#p  pouring.  Sine*  the  sold  is  both  top  end  bottom  fed,  gat  becomes 
artrepped  by  *he  m  ltsn  nt«i  and  the  metal  freezes  before  the  gas  can 
cocape.  A  Mold  design  which  feeds  fries  the  bottom  only  should  alleviate 
this  and  the' hot  tearing  problem*  Figure  15  (a)  illustrates  a  sound 
castlmg  with  a  fine  uniform  grain  sise.  However,  in  a  few  castings,  as 
shown  in  figure  15  ib),  the  grain  sine  was  rather  large  and  varied  con¬ 
siderably  within  the  mama  casting*  This  effect  is  difficult  to  account 
foriw  view  of  the  dose  control  of  carting  variables  and  may  be  con¬ 
sidered  an  anomaly. 
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These  casting  problems,  i.o.  Hot  cracking,  and  gas  entrapment,  were 
eliminated  in  later  castings  by  increasing  the  pouring  temperature  to 
230°F  superheat  and  reducing  the  argon  pressure  during  pouring  to  1/3 
atm.  As  a  result  of  these  changes  the. last  series  «£  castings  produced 
ware  very  sound.  Therefore,  although  an  attempt  was  made  to  held  casting 
variables  constant  to  determine  the  effect  of  various  rare  earths  on 
costability  some  factors  had  to  be  varied  slightly  to  obtain  useable 
material  for  this  investigation.  The  following  variations  in  casting 
parameters  were  used: 


Alloys 

Mold  Temp. (°F ) 

Argon 

Pressure 

Sup'-rheat 

At  Pour  (°F) 

15-23 

1700 

5/6  ATM 

200 

24 

1700 

1/3  ATM 

200 

14,  25-35 

17C0 

1/3  ATM 

230 

{  ! 

km 


\  i 
1 

ft* 


<> 
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The  concentration  of  the  reactive  metal  additions  to  Rene'  100  is  give,, 
in  Tabl*?  VI  as  both  atos.'.c  and  weight  percent.  A  complete  chemical  analysis 
■yf  me  of  the  doped  Rene'  100  alloys  is  given  in  Table  VII.  All  elements 

a apt  Zr  are  within  the  GE  specification  for  Rene1  100.  As  in  the  case  of 

the  AF  2-lflA  alloys,  the  high  Zr  content  is  the  result  of  eruciblo  attack. 
The  alloys  were  melted  in  stabilised  ZrO  crucibles  where  reduction  by  the 

a 

rare  earth  elements  is  possible  as  per  the  following  reaction: 


i: 

ft  * 


4(R.E.)  +  3  ZxOr 


2(R.E.)203  +  3Zr 


S  * 

■** 
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According  to  this  reaction  each  1  w/o  R.E.  will  yield  only  0,5  w/o  Zr.  The 
fact  that  only  25%  or*-*-  .08  w/o  of  the  rare  earth  added  was  lost  during 
melting  indicates  that  only  0.04  w/o  Zr  was  introduced  into  the  melt  by 
this  reaction.  It  is  more  likuly  that  the  rare  earth*  produced  erosion 
of  the  ZrOg  crucible  and  that  the  excess  Zr  in  t:  a  alloy  is  prerent  as 
dispersed  ZrO  .  The  effect  that  this  relatively  high  Zr  content  has  on  the  , 
oxidation  or  corrosion  behavior  of  these  alloys  is  not  known.  However,  It 
is  expected  that  the  excess  Zr  would  be  more  detrimental  toward  mechanical 
properties  than  oxidation/hot  cc.  to;  /  resistance. 

Thu  rare  earth  and  Mn  retention  was  80-90%,with  few  exceptions.  There  were 
three  instances  (alloy  #22,  24  and  28)  in  which  the  analyses  indicated  less 
rare  earth  than  intended.  Apparently,  the  additions  in  these  instances  were 
not  added  properly  (alloy  #22)  or  were  completely  slagged  off  during 
melting  (alloy  #24  and  28).  Despite  these  chemistry  deviations  these  alloys 
proved  to  be  of  value  in  determining  the  effect  of  very  small  dopant  additions 
and  the  independent  role  of  Mn  on  oxidation  behavior. 

5.4.2  Microstructure 

The  morphology  of  the  rare  earth  rich  phase  observed  in  the  Rene’  100 

(o) 

alloys  was  considerably  different  than  that  observed  in  Rene*  Y  .It  was 
more  massive  and  less  nearly  associated  with  carbides.  One  of  the  best  ways 
of  observing  the  morphology  of  this,  phase  was  in  the  as-polished  condition, 
as  shown  in  Figure  16.  Frequently,  however,  oblique  or  polarized  light 
could  be  used  to  further  elucidate  this  phase. 

Figure  17  depicts  the  differences  in  the  general  as-cast  structure  of  the 
various  doped  alloys.  Although  these  areas  are  representative  of  equivalent 
positions  within  the  ingots  and  are  token  from  specimens  of  identical  section 
size,  marked  differences  are  observed  in  the  general  features  of  the  micro- 
structures.  The  carbides  vary  from  massive  script  type  ,r"l7(a)F  to  a  fine 
spheroidal  type  £l7(c))  ,  the  interdendritic  spacing  varies  considerably 

[jsee  17(e)  and  17(e)}  ,  and  the  rare  earth  phase  morphology  differs. 

Considering  the  emphasis  placed  upon  control  of  casting  parameters  and  since 
no  systematic  variation  in  the  type  or  concentration  of  addition  is  observed. 
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those  structural  variations  are  unexplainable.  Evidently  the  structure  is 
extremely Sensitive  to  casting  technique,  or  other  variables  are  present 
such  as  tramp  element  contamination,  which  could  have  .t  major  influence  on 
morphology.  In  any  event,  the  result  of  the  oxidation  studies  indicated 
no  correlation  between  oxidation  resistance  and  alloy  morphology.  This  is 
somewhat  contrary  to  an.  earlier  hypothesis  based  on  hot  corrosion  results 
Of  drop  castings  which  indicated  a  fine  rare  earth  phase  distribution  to 
ho  most  desirable.  After  initial  examination,  the  specimens  were  etched 
to  bettor  define  the  "rare-earth”  phase  and  its  relation  to  other  micro- 
structure  features  (i.e.  grain  boundaries,  }f-f  eutectic  nodules,  and 
;  attempts  to  etch  the  rare  earth  containing  phase  resulted  in  excessive 

reaction  juid  eventual  pitting.  A  microstructure  sequence  illustrating  this 
is  shown  in  Figure  18.  Figure  13(a)  shows  the  rare  earth  phase  es  a  massive 
intragranular  precipitate  with  some  indications  of  intergranular  formation. 
The  hardness,  as  indicated  by  the  Knoop  indentions,  is  also  noted  to  be 
greater  than  the  matrix.  A  very  light  etch  £Figure  18  (b)]  more  clearly 
defines  the  R.E.  phase.  Heavier  etch  ^Figure  18  (c)]  drastically  attacks 
the  R.E.  phase  but  defines  the  microstructural  relation  between  the  /  - 
nodules,  the  carbl daB, and  the  rare-earth  phase.  After  considerable  effort 
a  meta 11 ©graphic  technique  was  developed  to  distinguish  the  R.E.  containing 
phase  while  simultaneously  defining  the  other  structural  features.  The 
technique  consisted  of  e.lectropolishing  in  a  mixed  acid  solution  of  47  v/o 
HjFO^  +  41  v/o  +  12  v/o  HNO^  or  electroetching  in  an  8:1  H^PO^ 

solution.  However,  after  this  treatment  it  was  still  difficult  to  clearly 
distinguish  between  the  R.E.  phase  and  carbides.  Heat  tinting  at  250-300°F 
for  2-10  hours  sufficiently  darkened  the  rare  earth  phase  for  identification. 
It  was  then  possible  to  compare  doped  and  undoped  Rene’  100  to  determine  the 
influence  of  the  additions  on  the  microstructure.  The  light  microscopy 
shown  in  Figures  10  and  20  and  the  electron  microscopy  shown  in  Figures  21 
and  22  clearly  depict  the  changes  in  microstructure  that  occurred  as  a 
result  of  the  additions.  In  general,  the  rare  earth  additions  affect  xhe 
jf-  eutectic  and  carbide  formation  but  have  little  effect  on  the  sise 
and  distribution  of  g  .  The  rare  earth  elements  can  be  classified  as  those 
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forming  two  phases,  those  concentrating  near  primary  p  eutectic  nodules 
and  grain  boundaries,  and  those  concentrating  principally  near  carbides. 

The  yttrium  doped  alloys  are  characterized  by  massive  yttrium  rich  phase# 
concentrating  in  grain  boundaries  and  near  carbides*  The  morphology  of  the 
carbide  is  affected  by  the  yttrium  addition  yielding  a  very  irregular  shaped 
rather  than  blocky  KC  type  carbide*  Alloys  containing  gadolinium  also  fom 
massive  rare  earth  phases*  However,  these  appear  to  be  more  closely 
associated  with  the  jf'-  y  eutectic*  The  alloys  containing  La  are  no 
different  than  those  with  La  +  Mn  and  both  display  rare  earth  rich  phaes 
principally  at  carbides*  The  morphology  of  these  Jt  containing  phases 
would  appear  to  have  less  detrimental  effect  on  properties  than  the  Y  and  Gd 
containing  phases. 

Some  variation  is  also  apparent  in  the  appearance  of  the  rare  earth  containing 
phase  among  the  various  alloys.  This  variation  is  the  result  of  differences 
in  etching  characteristics  and  may  reflect  differences  in  compound  chemistries* 
Hence,  although  the  phase  is  referred  to  as  Ni,.(R*E*)  it  may  actually  rep¬ 
resent  a  different  stoichiometry  or  have  other  constituents  in  solution.  It 
is  worthwhile  to  note  that  the  alloys  displaying  the  most  massive  grain 
boundary  rare  earth  phase  are  those  which  are  relatively  oxidation  resistant* 

.  (48) 

This  is  quite  contrary  to  earlier  studies  • 

The  results  of  studies  quantitizing  the  type  of  "rare-earth"  phase  formed 
are  presented  later  in  the  section  regarding  structural  stability. 

6.0  OXIDATION/HOT  CORROSION  RESULTS  (Phase  I) 

6.1  Oxidation  of  Uni  temp  AF  2- IDA  Base 

6*1*1  Continuous  Weight  Gain  Tests  __ 

The  kinetics  of  oxidation  of  Unitemp  AF  2-1DA*  have  been  determined, 

(7-9) 

using  techniques  previously  reported  ,  for  the  temperature  interval  of 
1 400-2100°!''.  The  continuous  weight-gain  data  for  duplicate  specimens,  as 
obtained  fn»m  the  actual  chart  recordings  for  specific  times  and  temperatures 
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aro  summarized  in  Table  VIII.  The  oxidation  behavior  of  thin  alloy  is 

illustrated  by  the  log-log  plots  in  Figure  23.  These  results  typify  the 

(0) 

general  behavior  previously  observed  for  Ni-base  alloys  and  denote 
the  following  featu:es; 

(a}  Near  linear  oxidation  at  low  temperature  (short  times) 
where  lateral  oxide  growth  predominates 

(b)  Mixed  oxidation  rates  which  are  linear  to  quartic  between 
1600  and  2100°F,  indicating  cos^lex  oxide  interactions. 

(c)  At  2000°F  and  above  a  decreasing  oxidation  rate  with  increasing 
time.  -This  behavior  implies  oxide  volatilization  since  spalling 
was  not  observed  while  at  temperature. 

The  rate  constants  computed  from  the  best  fit  curves  of  weight  gain-vs-time 
* 

or  (time)  are  summarised  in  Table  IX  along  with  the  tine  intervals  for  which 
they  apply.  An  Arrhenius  type  plot  yields  a  straight  line  function  with  l/T 
(V  '*)  as  shown  in  Figure  24.  As  in  previous  oxidation  studies,  this  alloy 
displays  both  a  linear  and  a  dual  parabolic  oxidation  rate.  However,  in 
Comparing  tfce  oxidation  rate  of  Unitemp  AF  2-1DA  with  other  commercial  alloys 
(see  Figure  25)  certain  differences  are  also  evident: 

(1)  At  temperatures  greater  than  1700°F  the  oxidation  rate  is  greater 
than  all  alloys  except  possibly  IN-100. 

(2)  At  2000°F  the  oxidation  rata  is  a  factor  of  lo  greater  than  Hone '  Y. 

(3)  The  parabolic  activation  energy  of  107,600  cal /mole  is  greater 
than  any  alloy  studied  but  similar  to  SM-200  (92,000  cal/mole) 
which  also  contains  a  high  tungsten  content. 

(4)  The  initial  linear  oxidation  rate  persists  at  high  temperatures 
and  also  displays  a  higher  activation  energy  than  any  other  alloy. 

The  secondary  parabolic  rata  appears  to  represent  some  mechanical  rather 
than  theraal  processes  since  it  does  not  vary  significantly  with  temperature. 
As  verified  by  cyclic  oxidation  tests,  this  relatively  constant  rate  say 
reflect  the  spalling  tendencies  of  the  alloy. 
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In  summary,  the  complex  oxidation  behavior  of  this  alloy  precludes  a  meaningful 
kinetic  analysis.  Howeverfsuch  an  evaluation  is  useful  for  comparison  with 
other  superalloys  or,  as  will  be  used  in  this  work,  to  determine  the  effect  of 
doping  element  additions. 

6.1.2  Isothermal  and  Cyclic  Oxidation  Tests  on  AF  2  IDA 

Weight  change  results  from  both  cyclic  and  isothermal  static  oxidation 
tests  at  1800  and  2000° F  for  up  to  1000  hours  are  presented  in  Table  X.  Both 
the  extent  of  oxygen  (and  nitrogen)  reaction  and  spalling  tendencies  are 
listed.  The  total  weight  change  produced  during  isothermal  testing  agrees 
reasonably  well  with  the  continuous  weight  gain  data.  This  alloy  displays 
a  marked  tendency  toward  oxide  spalling  after  700  hours  at  1800  and  at  2000°F. 
The  fact  that  the  total  weight  change  after  400  hours  at  2000°F  is  less  than 
that  measured  after  400  hours  at  1800°F  is  further  evidence  for  oxide  volatil¬ 
ization  at  the  higher  temperature.  However,  at  1800°F,  a  comparison  of  the 
cyclic  data  with  an  extrapolation  of  the  continuous  weight  gain  curve  indicates 
that  little  volatilization  has  occurred  after  700  hours  of  cyclic  exposure. 

The  total  weight  change,  which  actually  represents  the  weight  of  oxygen  which 
reacts  with  the  metal  does  not  change  appreciably  with  cyclic  exposure  at 
2000°F.  This  indicates  that  the  rate  of  volatilization  in  this  relatively 
slow  flowing  environment  is  approximately  l/3  the  rate  of  oxidation  (.1  unit 
wt.  of  oxygen  reacts  with  approximately  3  unit  weights  of  metal).  This  also 
correlates  with  the  apparent  cessation  of  oxidation  observed  during  continuous 
exposure  at  2000°F  (Figure  23). 

6.1.3  Metal lographic  Evaluation  of  Oxide  Attack 

The  general  appearance  oi  the  oxides  produced  during  100  hours  of  con¬ 
tinuous  oxidation  at  1800,  1900,  and  2000°F  is  illustrated  in  Figure  26.  As 

(9) 

previously  reported  for  nickel-base  alloys  ,  this  alloy  demonstrates  the 
competition  between  scaling  and  subscale  reactions  and  the  temperature  depend¬ 
ence  of  this  competition.  During  oxidation  at  1800°F  the  relatively  high 
activity  of  Cr  and  the  low  combined  activities  of  A1  and  Ti  promote  internal 
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oxide  formation,  As^'  dissociates  and  the  A1  +  Ti  activity  increases,  sub¬ 
scale  formation  is  favored  ((see  Figure  26  (b)  (c))and  little  or  no  interna., 
oxidation  is  formed. 

Metal 1 ogra phi c  evaluation  of  specimens  after  the  cyclic  exposure  at  2000° F 

denoted  an  irregular  oxide  scale  with  deep  intergranular  oxide  spikes 

(g) 

similar  to  those  previously  observed  for  IN-100  •  The  oxide  appeared 

heterogeneous,  both  parallel  and  perpendicular  to  the  substrate  surface 

with  at  least  three  oxide  phases  obvious,  plus  TiN.  After  400  hours  of 

cyclic  exposure  at  2000°F  the  average  and  maximum  degradation  in  load 

bearing  capacity  was  measured  to  be  1.0  and  2.4  mils/side,  respectively. 

(g) 

This  was  considerably  less  than  that  observed  for  IN-100  and  INCO  713c 
after  a  comparable  exposure. 
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6.1.4  Reaction  Product  Identification 
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The  reaction  products  formed  during  continuous  weight-gain  testing  were 
analysed  by  X-ray  diffraction.  Both  Debye  film  patterns  of  the  scraped  oxides 
and  diffractometer  traces  of  the  oxide  scale  in  situ  were  obtained.  The  t. 

general  oxide  appears  to  exist  as  follows: 


Temp,  °F 
1400 
1600 
1800 
2000 
2100 


Oxide  Products* 

(Cr,Al)203 

(Cr,Al)203+Ti02(w) 

Cr2°3+Ti°2 

Ti02+Al203+Spinel+Cr203 
Spinel (a  »8.08A)+A1  O.+TiO 

0  2  j  2 


•Listed  in  order  of  predominance 

These  preliminary  results  indicate  a  Cr  0  /A1  0  oxide  at  low  temperatures 

2  J  2  J 

with  increasing  spinel  formation  and  Cr  O  losses  through  volatilization  at 

3  j 

higher  temperatures. 


6.3  Oxidation  of  Doped  Unitemp  AF  2- IDA  Alloys 
6.2.1  Oxidation  Behavior 

The  relative  oxidation  resistance  of  various  doped  AF  2-1DA  alloys 
after  1000  hours  continuous  exposure  at  both  1800  and  2000°F  is  shown  in 
Table  XI  which  lists  total  weight  change  spalling  resistance  ami  metal  loss. 


J 

■r 


j. 


we 


f 


! 


26 


KpwwiBn. 


The  cyclic  oxidation  behavior  after  3-100  hr*  cycles  at  l800°F  and  7-24 
hr.  cycles  at  2000°F  is  summarized  in  Table  XII.  The  reliability  of 
weight  change  rebults  for  these  specimens  is  questionable  in  view  of  the 
occurence  of  hot  tears.  The  depth  of  penetration  was  difficult  to  evaluate 
for  the  same  reason.  Photomicrographs  typifying  the  morphology  of  the 
oxidation  products  formed  as  a  function  of  additions  and  exposure  are 
shown  in  Figures  27  and  28.  The  results  of  these  tests  indicate: 

{ i )  Very  little,  if  any,  improvement  in  the  total  weight  change  and 
only  a  slight  improvement  in  spalling  resistance  (a  factor  of 
two  maximum)  with  the  rare  earth  additions. 

(2)  Yttrium,  Gd  and  Mn  additions  appear  to  be  most  effective,  but  the 
effectiveness  of  the  R.E.  additions  decreases  with  increasing 
R.E.  content  (above  0.1  a/o) «, 

(3)  Contrary  to  the  results  obtained  for  Rene'  100  alloys,  (reported 
later)  no  catastrophic  oxidation  was  observed  for  any  alloy. 

(4)  Any  improved  behavior  observed  can  be  attributed  to  a  combined  Nn 
+  R.E.  effect  although  in  some  instances  Mn  additions  alone  are 
most  favorable. 

The  results  of  the  cyclic  tests,  although  not  included  here,  indicate  the 
same  trends  observed  for  the  continuously  exposed  specimens.  Two  conclusions 
from  these  results  are  of  importance.  First,  catastrophic  attack  is  not 
observed  in  any  of  these  alloys  at  the  high  temperature  indicating  the  rare 
earths,  Mn  or  high  Zr  content  are  not  responsible  for  this  behavior.  Secondly, 
the  concentration  and  type  of  rare  earth  element  is  more  significant  than  its 
distribution  within  the  alloy. 

6.2.2  Reaction  Product  Identification 

Tho  results  of  X-ray  diffraction  of  the  reaction  products  formed  on  doped 
AF2-1DA  alloys  after  various  tine/temperature  exposures  are  presented  in  Table 
XIII.  The  alloys  selected  for  this  evaluation  displayed  good  (#2)  medium  (#13) 
and  poor  (#11)  resistance,  hence,  the  reaction  products  characterize  the  varying 
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degrees  of  attack*  The  following  observations  can  be  made  frcra  these 
data: 

(1)  Oxide  formation  on  less  resistant  alloys  (#1  and  #11)  are 
complex  and  highly  heterogeneous*  whereas,  those  formed  on 
resistant  alloys  (#2  and  #13)  are  more  homogeneous  and  consist 
of  only  one  or  two  oxide  phases. 

(2)  Mn  and  lUE*  additions  promote  spinel  formation. 

(3)  Spelling  occura  at  the  scale/subBcale  interfaces  such  as 
Spinel/fciTiO,  and/or  Spinel/\lo0,  +  T.10,  . 

J  A  J  A 

(4)  The  activity  of  A1  increases  considerably  at  200G°F  and  yields 
(Cr,Al)  0„  and  spinel  phases  rich  in  Al. 

2  j 

6.3  Hot  Cort jsion  of  Doped  bniteap  AF  2-1DA 

The  hot  corrosion  resistance  of  the  first  series  of  doped  AF  2- IDA  alloys 
(those  that  were  contaminated  with  gas)  was  poor.  All  alloys  completely 
oxidised/ corroded  chiring  the  50  hr/l725+25°F  rig  tost.  This  result,  thought 
is»t  conclusive,  may  indicate  that  rare-earth  additions  in  the  form  of  oxides 
•re  not  particularly  effective.  However,  ether  complicating  fractors  such  as 
carbide  morphology  and  the  stringering  present  in  these  alloys  may  be  the  true 
causes  of  failure. 

Two  hot  corrosion  tests  were  conducted  on  the  acceptable  AF  2-1DA  material. 

The  first  test  displayed  excellent  resistance  in  the  test  environment* 
during  the  initial  17  hra.  of  test  but  a  temperature  excursion  ultimately 
produced  fai lure*  During  the  second  hot  corrosion  test  massive  attack  was 
observed  on  the  base  and  base  +  Mn  alloys  but  those  containing  Gd*Mn,  La-tMa 
and  Th*Mn  exhibited  at  least  a  factor  of  30  improvement  in  resistance  as 
shown  visually  in  Figure  29  and  quentitised  by  the  metal  loss  data  givon 
below: 


*  natural  gas  with  100  ppm  ingested  sea  salt  of  1.6%  solution  of  9C% 
K«a90s+lC?  MaCl 
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Affected  Metal  (nils/side)* 


Aixoy 

Gross  Attack 

Max  Attack 

Base  (AF2-1DA) 

-18 

*20 

Base  +  0.8  w/o  Mn 

-28 

-29 

Base  +0.1  a/o  bd 

+ 

0.8  w/o  Mn 

-0.5 

-1*5 

Base  +  0.2  a/o  Gd 

+ 

0.8  w/o  Mn 

-0.2 

-0.? 

Base  +  0.1  a/o  La 

+ 

0.8  w/o  Mn 

+0.1 

—0.6 

Base  +  0.1  a/o  Th 

+ 

0.8  w/o  Mn 

- 

-0.9 

Base  +  0.2  a/o  Th 

+ 

0.8  w/o  Mn 

-0.6 

-1.3 

♦Jtccuracy  +_  0.5  Mil 

The  morphology  of  the  reaction  products  formed  in  these  alloys  is  shown  in 
Figure  30  and  further  verifies  the  beneficial  effects  of  the  doping  additions* 
The  base  AF  2-lDA  displays  gross  subsurface  ralfide  format ion;  whereas,  tha 
doped  alloys  are  relatively  free  of  sulfide  formation  or  those  sulfides 
that  do  form  are  finely  distributed* 

Contrary  to  doped  Rene*  100  hot  corrosion  and  doped  AF  2 -IDA  oxidation  results 
all  rare  earth  additions  appear  to  hare  the  same  beneficial  effect*  This  would 
imply  that  the  mechanisms  controlling  hot  corrosion  and  oxidation  behayior  are 
unrelated.  These  results  indicate  that  the  distribution  of  the  rare  earth 
phase  and  not  the  type  of  rare  earth  is  the  controlling  factor.  This  suggests 
that  prealloyed  powde”,  which  ought  to  have  a  finer  rare-earth  distribution 
may  further  enhance  hot  corrosion  resistance* 

Although  AF  2-lDA  displayed  a  favorable  response  toward  the  doping  additions 
(particularly  Y  and  Gd)  the  difficulties  encountered  in  processing  the 
material  precluded  any  additional  studies  in  Phase  II.  The  processing  problems 
are  no  doubt  primarily  associated  with  the  rare  earth  additions  but  elimination 
of  the  Zr  contamination  by  melting  in  A1  0,  crucibles  may  lessen  the  problemn* 

J 

6.4  Oxidation  of  Doped  Rene*  100  Alloys 
6.4.1  Continuous  Veiaht  Gain  Results 

The  of feet  of  the  various  reactive  metal  additions  on  the  oxidation 

kinetics  of  Rene*  100  have  been  determined  using  techniques  previously 
(9) 

reported  .  The  continuous  weight  gein  data  obtained  from  actual  chart 
recordings  for  the  majority  of  the  doped  alloys  exposed  100  hours  at  1800°F 
and  for  some  allay,  exposed  at  100  hours  at  2000°F  are  illustrated  by  the 
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log- log  plots  shown  in  Figures  31  through  38.  The  data  are  plotted  along  with 

undOped  base  alloy  data  for  direct  comparison.  The  oxidation  rate  constants 

eoiqputed  fro*  the  slopes  of  the  beat  fit  straight  lines  formed  by  plotting 
:  2 

(weight  gain)  vs  tine  are  summarized  in  Table  XIV  along  with  the  time  in¬ 
terval  over  which  the  rate  constants  apply.  Figure  39  illustrates  the 
effect  of  0.1  at.#  of  the  various  "rar e-earths" on  the  oxidation  kinetics 
Of  none1  100  an  ?.  fa  ction  of  temperature. 

Host  of  the  alloys  displayed  the  typical  dual  parabolic  oxidation  rate  at 

i800°P,  implying  complex  oxide  interactions.  A  comparison  of  the  oxidation 

rate  oonstants  indicates  the  initial  parabolic  rate  constant  (K  )  for  most 

P1 

of  the  doped  alloys  tested  is  similar  to  undoped  Rene'  100.  Only  a  few  of 
tlie  alloys  (#17  am'  #33)  ■"'how  distinctly  superior  initial  oxidation  kinetics 
While  none  of  the  alloys  display  a  narked  improvement  in  the  secondary 
oxidation  rale  (K^  ).  Similarly,  only  a  few  alloys  (#19,  25,  27,  28  and  30) 

show  distinctly  inferior  oxidation  kinetics  at  l800°F. 

All  the  doped  alloys  displayed  increased  oxidation  rates  at  2000° F  when 
compared  to  Rene1  100.  The  behavior  of  the  doped  alloys  at  2000° F  was 
characterized  by  a  high  parabolic  oxidation  rate  and  extensive  scale  ex¬ 
foliation  both  daring  testing  and  while  cooling  from  the  test  temperature. 

The  inferior  behavior  of  the  doped  alloys  at  2000° F  was  observed  in  all  the 
oxidation  tests  conducted  in  Phase  I  and  is  discussed  more  fully  later 
in  the  text. 

Photomicrographs  typifying  the  nature  of  the  scale/svbscale  reactions  produced 
during  the  continuous  weight  gain  tests  are  shown  in  Figure  40.  Oxidation 
at  1800°F( (Figure  40  (a)  A  (c)  ))  was  typified  by  a  semi  continuous,  relatively 
dense,  multicomponent  oxide  scale  with  little  or  no  internal  oxidation,  and 
only  minor  dissolution.  The  pitting  in  the  grain  boundaries  was  attributed 
to  preferential  leaching  of  the  rare  earth  containing  phase  durino  etching. 
Figures  40b  and  AOd  illustrate  that  the  oxide  scale  completely  spalled  at 
aOOO°F  leaving  a  zone  of  J*  dissolution  and  extensive  Jf*  degeneration.  This 
typo  of  reaction  is  apparently  aggravated  by  the  reactive  metal  additions 
since  this  type  structure  was  not  observed  in  the  undoped  base  alloy. 
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Similar  reactions  have  been  observed  in  alloys  whose  surfaces  have  been 
severely  cold  worked  thereby  increasing  cation  diffusion  rates*  One  night 
suspect  therefore,  that  reactive  element  additions  promote  the  outward 
diffusion  of  those  constituents  which  stabilise  rf  (i«e*  Cr  and  fi). 

In  sunnary,  additions  of  Y,  Gd  and  ;  +  Th  ♦  Mn  are  most  effect! »»  in 
decreasing  oxidavion  rates  but  even  these  additives  afford  only  a  Marginal 
improvement  at  1800  F  and  in  fact  decrease  oxidation  resistance  at  3000  ?. 
Additions  of  Ce,  Mischmetal,  La  and  La  +  Mn  have  the  greatest  adverse 
effect.  In  general,  the  lower  concentration  level  of  the  additive  pro¬ 
vides  the  greatest  improvement,  or  is  the  least  degrading* 

6.4*2  Static  Oxidation  Results 

Static  oxidation  tests  were  conducted  on  the  Majority  of  doped  .tene* 

100  alloys  at  1000  hour/l60O°F,  1000  hr/l800°F  and  400  hour/2000CF. 

Although  not  part  of  the  original  program  plan,  these  tests  w jre  included 
to  complement  the  cyclic  oxidation  tests  to  provide  baseline  data  for 
determining  the  influence  of  temperature  cycling  on  scale  adherence. 

The  static  oxidation  behavior  of  the  majority  of  the  doped  Rene'  100  alloys 
is  illustrated  by  the  weight  change,  spalling  and  metal  loss  data  shown  in 
Table  XV,  The  following  observations  regarding  the  oxidation  behavior  of 
these  alioys  are  noteworthy: 

(1)  Only  alloys  15*  18*  27*  nrj  and  32  have  equivalent  or  better 
oxidation  resitance  than  Rene'  100  at  l600°F  and  l800°F  while 
all  doped  alloya  are  inferior  at  2000°F» 

(2)  Some  alloya  appear  more  resistant  at  1800°F  than  l600°F  (see 
alloy  #15  and  2?)* 

(3)  In  some  instances*  the  total  weight  change  is  relatively 
independent  of  rare  earth  concentration  (see  alloys  19  &  30,  21  h  22) 
implying  that  the  alloys  are  saturated  at  the  lower  concentration 
level*  In  other  instances,  increasing  rare  earth  concentration 
decreases  oxidation  resistance  (see  alloy  #25  and  36). 


31 


(4)  ,  The  Influence  of  Mn  additions  is  evident  from  these  data.  A 

comparison  of  alloys  21  and  27.  28  and  29,  30  and  31r  32  and  33, 
and  34  and  35,  indicates  low  levels  of  Mn  are  beneficial  while 
increasing  Mn  above  .2  and  .25  w/o  increases  the  extent  of  oxida¬ 
tion  and  oxide  t, jailing.  This  is  contrary  to  previous  chill- 

(48) 

casting  results  In  which  0.50  w/o  Mn  -»aa  found  to  be  optima. 

(5)  -The  behavior  of  the  doped  alleys  at  2000° P  is  considered  anomalous 

sad  erratic.  Throe  different  types  of  behavior  observed:  1)  The 
alio  aay  act  normal  (Base  4  #15) ;  2)  exaggerated  scale  exfoliation 
nay  occur  (alloys  20,  21,  £3,  25,  27,  28  4  32) ;  or  3)  catastrophic 
oxidation  may  occur  vi tL  no  spalling  (alloys  29,  30  4  31). 

Attempts  to  link  catastrophic  oxidation  at  2000*7  with  alloy  composition  were 

unsuccess! ol .  Complete  spectvographic  and  x-ray  emission  analysis  were  conducted 

to  determine  tramp  elements  were  present.  The  results  showed  no  differenece 

between  "normal "  materiel  and  thxt  which  failed  catastrophically.  Therefore, 

the  large  differences  in  behavior  cannct  be  explained  on  the  basis  of  additive 

omaporitioma.  Perhaps  the  catastrophic  attack  and  exaggerated  exfoliation  are 

(58) 

the  result  -1  aside  melting.  Examples  have  been  cited  in  the  literature 
where  Y2Os  +  R.K.?G^  camp  od  oxides  can  melt  at  low  temperatures.  S«Gh  inter¬ 
actions  have  also  bean  observed  by  NASA  and  TRW  when  making  V  additions  to 

(59) 

TRW-7I  -A  type  alloys  .  The  oxidation  resistance  of  alloys  which  failed 
catastrophically  during  static  air  exposure  appeared  slightly  better  in  a 
flowing  f  .ji'  nt .  The  fact  that  thirty  or  more  test  specimens  are  usually 
exposed  in  a  muffle  furnace  at  one  time  nay  he  sufficient  to  produce  an  aimos- 
hero  containing  volatile  ar ’  corrosive  or  ides.  The  type  of  attack  observed 
might  therefore  be  considered  to  bo  the  result  of  volatile  oxide  interactions 
between  V^Oy  ZrO^,  0  and  MnO  or  (R  .k  • ) ^0^  oxides.  This  postulation  is  also 
supported  by  the  fact  that  catastrophic  attack  was  not  observed  in  the  doped 
AT  2— ISA  alloys. 

6.4.3  Cyclic  Oxidation  Results 

During  these  tests  the  specimens  were  contained  in  zirconium  silicate  cruoioies 
and  upon  withdrawal  from  the  furnace  were  covered  to  prevent  any  loss  of  3palled 
oxide  products.  Hence,  after  the  test,  the  total  weight  change  of  the  system 
represented  that  of  the  crucible  (less  moisture  or  reaction  products),  specimen, 
oxidation  products,  and  any  interaction  between  specimen  and  crucible. 
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Initially,  the  weight-change  analyais  vaa  oooducted  by  weighing  the  specimen 
only  (nimut  spalled.  produet  a  if  spalling  occurred),  and  computing  the  net 
weight  change  using  the  specimen  weight  prior  to  oxidation.  It  was  subsequently 
discovered  that  this  value  differs  Iron  the  poet-test  crucible  plus  specimen 
weight,  minus  the  post-test  crucible  weight  only*  This  discrepancy  was  eventually 
associated  with  changes  in  crucible  weight  during  exposure.  Vo  correct  for 
this  weight  change,  blank  crucibles  were  tested  along  with  the  specimens.  In 
subsequent  Phase  IS  cyclic  tests  the  crucibles  were  prefixed  at  2100*1  for 
a  minimum  of  100  houra  to  minimise  crucible  weight  change  during  cyclic  exposure. 

The  general  appearance  of  the  majority  of  doped  Bene*  100  alloys  after  ten  100 
hour  cycles  at  1000*?  is  illustrated  in  figures  41  and  42.  The  crucibles  which 
contained. the  specimens  are  included  tc  illustrate  the  relative  amount  of 
spalling  which  occurred  during  test.  Although  the  base  EUme*  100  alloy  la  not 
included  In  these  photos  its  oxidation  behavior  la  typified  by  the  appearance 
of  alloy  #30.  The  total  weight  change  and  the  extent  of  spalling  for  these 
alloys  during  each  cycle  of  exposure  at  1800*?  are  given  in  Tables  XVI  and  XVII 
respectively.  The  data  of  Table  XVI  are  presented  graphically  In  figures  43  and 
44  for  those  alloys  whose  behavior  is  worse  than  Kane*  100  (figure  43)  and  those 
alloys  which  are  superior  (figure  44).  The  depth  of  affected  metal  was  metailo- 
graphically  measured.  These  results,  which  denote  both  the  gross  and 
oxide  penetration  after  a  cyclic  exposure  of  1000  hours  at  180O*F,  are  tabulated 
in  Table  XVX11 

On  the  basis  of  total  weight  change,  spalling  resistance  aad  depth  of  affected 
metal  during  1000  houra  cyclic  exposure  at  1800*?  the  alloys  displaying  superiority 
to  undoped  Rene*  100  rank  ns  follows: 


Alloy  f 


Ranking 

Weight  Gain 

Adherence 

Affected  Metal 

1 

33* 

18* 

27 

2 

18* 

16 

2S 

3 

28 

28 

30 

4 

18 

17 

32 

5 

17 

33* 

17 

8 

32 

32 

16 

7 

15 

27 

8 

27 

15 

(a)  order  of  decreasing  resistance 
*  based  on  results  of  500  hour  cyclic  exposure 
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Additions  of  Y,  fid,  Mn,  Y  +  Th  +  Mn  and  La  +  Mn  (at  certain  concentrations) 
import  significant  oxidation  resistance  to  Rene*  100*  Specifically,  alloys 
3%  as,  16,  17,  33  and  32  sheer  the  greatest  Improvement  under  these  conditions* 
Contrary  to  those  additions  which  decrease  the  oxidation  resistance  of  Rene'  100 
(i.e.  La,  Ce  h  Ml),  increasing  additions  o«  the  beneficial  eleeents  beyond  . 
0*1%  further  improves  oxidation  resistance*  The  effect  of  Mn  additions  is  of 
particular  interact.  Referring  to  the  alloy  series  21,  27,  28  and  29  the 
inf  luence  of  Mn  additions  is  evident  *  Alloy  21  (0.12  a/o  La)  contains  no 
Mi  and  displays, nearly  the  poorest  oxidation  resistance.  However,  adding 
0.X2  w/o  Mn  to  this  alloy  (alloy  27)  improves  Its  resistance  by  a  factor  of 
10  but  further  additions  to  0.67  w/o  Mn  (alloy  29)  produced 
dstion  resistance.  In  other  words  although  alloy  #27  has  1/3  the  Mn  it  has 
three  times  the  resistance  of  alloy  #29.  Alloy  #28,  which  contains  neglibible 
La  but  0.38  w/o  Mn,  has  the  best  resistance  of  this  series.  This  series  of 
alloys  illustrates  that  a  complex  relation  exists  between  the  r are-earths 
end  Ms  and  that  some  of  the  other  additions  such  as  Y  and  Gd  may  be  further 


Impwoved  by  Mb  additions. 


The  cxidatioa  resistance  of  the  doped  alloys  during  cyclic  exposure  at  2000°F 
1m.  given  In  fable  XIX.  Y  and  Gd.  additions  a re  still  most  favorable  but  Mn 
additions  appear  to  promote  catastrophic  oxidation.  Of  the  nine  alleys  containing 
*V  six  of  then  fails J  catastrophically  before  100  hours  total  exposure  where¬ 
as  only  the  Mischmetal  containing  alleys  of  the  "non-Mn"  containing  alloys  failed 
catastrophically.  This  strongly  suggests  that  Mu  additions  play  a  role  in- 
promoting  catastrophic  oxidation.  The  types  ol  failures  observed  in  the  doped 
alloys  during  the  2Q00°F  cyclic  exposure  are  illustrated  in  Figure  45.  As 
Indicated  ma-y  of  the  test  coupons  were  completely  converted  to  oxide  within 
25  hours  exposure.  The  glassy-type  appearance  of  some  speciaens  implies  molten 
oxide  formation.  Other  specimens  such  as  #34,  #26,  and  #27  simply  failed  by 
massive  scale  exfoliation.  Table  X£  was  compiled  to  facilitate  a  comparison 
between  the  static  and  cyclic  oxidation  behavior  of  these  alloys  at  1800  and 
2G00*F.  As  indicated,  those  alloys  which  performed  well  in  a  static  environment 
were  also  resistant  to  cyclic  testing. 


The  metal lographic  appearance  of  the  scale/subscale  reaction  zones  produced 
on  various  doped  Rene*  100  alloys  after  1000  hours  cyclic  exposure  at  1800°F 
are  shown  in  Figures  46-50.  In  general,  those  alloys  which  exhibited  good 
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oxidation  resistance  had  relatively  dense  oxide  scales  with  little  or  no 
internal  oxidation.  Alloys  with  poorer  resistance  (i.e.  those  containing 
high  Mn  content)  were  typified  by  considerable  internal  oxidation,  figure  49 
illustrates  the  aultiphase  oxide  scales  which  formed  on  many  of  the  alloys* 
Figure  50  illustrates  the  nature  of  the  internal  oxidation  reaction  observed 
for  those  alloys  subject  to  this  form  of  attack.  The  alloy  selected  to  illu¬ 
strate  this  effect  (alloy  #29)  displayed  discontinuous  intergranular  oxidation 
through  the  entire  thickness  of  the  specimen .  Initially,  it  was  thought  that 
the  deep  I.G.A.  was  brought  about  by  internal  oxidation  of  the  Ni$La  phase. 
However,  closer  inspection  revealed  that  a  precipitate  resembling  a  carbide 
rather  than  the  NigLa  phase  was  oxidized.  It  is  suspected  that  the  Ni^La 
phase  reacts  with  carbides  (MC)  during  exposure  to  form  La  containing  carbides 
around  the  Ni^La.  It  is  this  fine  La  containing  carbide  which  then  oxidized 
internally.  The  exact  role  of  Mn  additions  in  promoting  this  type  of  attack 
is  not  precisely  l:nown  but  obviously  it  alters  the  competition  between  scale/ 
subscale  reactions . 


6,5  Hot  Corrosion  of  Doped  Rene*  100  Alloys 


The  results  of  hot  corrosion  rig  tests  of  doped  Rene*  100  alloys  at  test 
conditions  of  1200  +  25°F/50  hours,  100  ppm  Ne2S°4  +  NaC1  a  8*®  velocity 
of  75  ft  ./sec.  are  tabulated  in  Table  XXI .  The  general  appearance  of  these 
specimens  is  illustrated  in  Figure  51.  The  results  indicate  a  significant 
dependence  upon  both  the  type  and  concentration  of  the  additions.  As  indicated 
La,  Ce  and  Gd  additions  can  reduce  the  extent  of  attack  of  Rene’  100  by  a 
factor  o2  10  to  30  when  added  at  concentrations  of  0.1  a/o  or  more.  Additions 
of  Y  and  Th  on  the  ither  hand  were  essentially  ineffective.  Hot  corrosion 
tests  were  also  conducted  on  the  Mn  containing  alloys  but  the  results  were 
inconclusive. 


The  morphology  of  the  reaction  products  formed  (oxides  and  sulfides)  on  various 
alloys  are  shown  in  Figures  52  and  53.  Prior  to  sectioning  for  metallorgraphic 
mounting,  the  specimens  were  dipped  into  epoxy  and  allowed  to  dry.  This 
eliminated  corrosion  product  losses  during  cutting.  As  a  result  of  this  process 
the  finished  metal lographic  section  illustrates  a  definate  layering  of  the 
surface  products  and  clearly  denotes  the  mode  of  scale  failure.  Figure  52 
illustrates  typical  types  of  sulfidation  attack  in  this  series  of  alloys.  The 
reaction  typically  consists  of  an  oxide  scale  with  underlying  1.0.  and  sulfides 
(gray  globular  phase)  within  the  Y*  dissolution  zone.  The  extent  of  each  of  thesp 
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reaction  layers  was  found  to  differ  from  alloy  to  alloy*  The  attack  In  alloy 
15  (,09  a/o  Y)  was  characterized  by  a  massive  oxide  scale  and  a  eutectic  type 
V  sulfidation  zone  which  may  represent  %  Ni-"KiS"  eutectic*  On  the  other  hand, 

*r  alloy  #21  (0.12  a/o  La)  displays  a  thin  relatively  dense  oxide  with  a  fine 
uniform  dispersion  of  subscale  sulfides  (presumably  "CrS"  type).  Alloy  18 
(0.23  a/o  Gd)  has  a  similar  oxide  scale  to  #21  but  contained  a  large  amount 
of  continuous  intergranular  sulfides  below  the  scale  which  were  responsible 
far  **90%  of  the  reduction  in  load  bearing  cross  section*  Figure  S3  illustrates 
--  the  morphology  of  the  reaction  zone  formed  in  the  most  resistant  alloy  (#22- 
0*12  a/o  La) . 


7.0  MECHANICAL  PROPERTIES  OF  PHASE  1  ALLOYS 

7.1  Rene*  100 

The  1300°F  tens* le  properties  of  the  alloys  tested  are  shown  in  Table  XXII. 

As  indicated,  the  strength  properties  of  seme  of  the  alloys  are  within  the 
specification  for  Rene'  100  but  seme  reduction  in  ductility,  particularly 
elongation,  was  noted.  The  variation  in  properties  observed  may  not  be  the 
result  of  different  reactive  metal  additions  per  se,  but  rather  related  to 
the  casting  history  of  the  ullcys  or  the  quality  of  the  tensile  bars  used. 

All  of  these  alloys  which  display  good  properties,  namely,  alloys  15,  19,  21, 

23  and  24,  were  cast  using  a  lower  superheat  (200°F).  The  remaining  alloys 
with  the  exception  of  alloy  #17  were  cast  utilizing  a  230°F  superheat  to 
improve  the  macroscopic  quality  of  the  casting.  This  observation  may  be 
fortuitous  but  could  be  related  to  the  morphology  of  the  rare-earth  phases* 
However,  as  discussed  earlier  little  correlation  appeared  to  exist  between 
rare-earth  additions,  casting  parameters,  and  phase  morphology. 

The  creep  rupture  properties  of  the  same  alloys  at  1500°F/68  Ksi  are  tabulated 
in  Table  XXIII,  These  results  indicate  that  the  reactive  metal  additions 
(at  least  at  the  concentrations  investigated  here)  markedly  decrease  the  stress 
rupture  properties  of  as-cast  Rene*  100*  However,  as  for  the  tensile 
properties,  these  results  may  also  be  influenced  by  casting  variables, 

7.2  AF2-IUA 


Difficulties  were  encountered  in  machining  doped  AF  2-IDA  mechanical  property 
specimens  which  were  free  from  hot  tears.  Due  to  the  poor  quality  of  the 
materic.  no  useable  tensile  specimens  could  be  machined. 
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8*0  PHASE  I  CCWCLUSIOMS 

Baaed  on  the  results  obtained  in  Phase  I  it  was  concluded  that  the  proper 
combination  of  doping  elements  can  markedly  improve  the  surface  stability 
but  at  a  sacrifice  in  mechanical  properties.  The  primary  goal  of  Phase  I 
that  of  providing  a  means  of  improving  the  inherent  surface  stability  of 
nickel-base  alloys  was  fulfilled.  Other  conclusions  are  summarized  belov: 

(1)  Reactive  metal  additions  of  0.1  to  0.2  a/o  produce  low 
melting  phases  (presuaably  Nig'R.E.')  in  the  grain  boundaries. 
Modification  in  the  carbide  morphology  and  increasing 
primary  %  '  formation  result  from  these  additions. 

(2)  Workability  is  decreased  by  these  additions  in  the  following 
order  of  decreasing  fabricability:  Mn,  Th,  Gd,  Y  and  Ce. 

(3)  The  1800°F  oxidation  kinetics  of  Rene*  100  were  only 
slightly  affected  by  the  reactive  metal  additions.  Only 
alloys  containing  Y  and  Gd  showed  improved  kinetics. 

(4)  During  static  and  cyclic  oxidation  of  Rene*  100  alloys  at 
1600  and  1800°P  only  certain  additions  at  specific  concen¬ 
tration  levels  improved  resistance.  Additions  of  Y,  Gd, 

Mn,  Y  +  Th  +  Mn,  and  La  Mn  displayed  a  factor  of  2-20 
times  improvement  in  oxidation  behavior. 

(5)  Additions  of  La  and  Ce,  which  were  least  effective  in 
oxidation,  improved  the  hot  corrosion  of  Rene'  100  by  a 
factor  of  10  to  30,  Gadolinium  additions  provided  the 
best  combination  of  oxidation/hot  corrosion, 

9.0  PHASE  IX  ALLOY  PROCESSING  AND  CHARACTERIZATION 
9.1  General 


Phase  II  alloys  were  designed  to  obtain  a  better  balance  between  mechanical 
properties  and  surface  stability  than  those  studied  in  Phase  I.  Since  Gd 
provided  the  best  balance  in  properties  iu  Phase  I  it  was  emphasized  in 
Phase  II  alloys.  Y  and  Th  were  also  selected  for  study  based  on  the  results 


37 


from  Phase  1  and  Iron  melting  point  considerations.  (Ni-Y,  Ni-Gd  and  Ni-Th 
binary  systems  exhibit  higher  eutectic  temperatures  than  the  other  systems 
Studied  in  Phase  1).  Combinations  of  doping  elements  were  also  selected  for 
Study  in  Phase  XX.  The  ale  compositions  ol  Phase  XX  alloys  are  given  in 
Table  XXXV.  A  vanadium  -  tree  alloy  vas  studied  in  Phase  IX  since  the  results 
of  Phase  1  prompted  the  postulation  that  V.  in  combination  with  rare-earth 

i  i 

elements  caused  catastrophic  oxidation  at  20008F. 

9.2  Preparation  of  Phase  Z1  Alloys 


The  preparation  of  the  Phase  11  alloys  vas  similar  to  Phase  I  except  that  the 
alloys  were  prepared  as  15  lb.  heats.  The  V-free  sene'  100  alloy  was  prepared 
at  Q*£.-MAPTL  by  induction  melting  of  high  purity  virgin  materials.  The  Rene'  100 
base  alloy  vas  purchased  in  accordance  to  G.E.  specifications. 

Chemical  analysis  for  same  of  the  Riase  XX  base  alloys  are  shown  in  Table  XXV. 

The  alloys  were  within  specification  except  for  the  Zr  content  of  the  V-free 
alloys.  Apparently  the  high  Zr  resulted  from  reaction  of  the  melt  with  the 
ZrOg  crucible  used  in  preparation  of  the  master  alloy.  Alumina  crucibles  were 
used  in  melting  the  individual  alloys  to  prevent  further  Zr  contamination. 

The  dopant  concentrations  were  determined  in  each  alloy,  the  results  shown 
in  Table  XXVI.  Doping  element;  retention  was  excellent,  except  in  alloy  #39 
wl  are  the  Gd  content  was  low.  There  is  no  obvious  explanation  for  the  low 
Gd  level* 

Each  alley  was  oast  into  standard  CIS  test  bars,  flat  plates  and  pins  as 
indicated  in  Figure  54.  The  quality  of  the  castings  was  excellent  -  only 
2  of  108  test  bars  were  rejected  by  zyglo  inspection.  None  were  rejected  by 
x-ray.  Typical  variations  in  macrostructure  of  the  various  test  specimens 
are  shown  in  Figure  55.  The  variations  in  grain  size  were  considered  typical 
of  investment  cast  material, 

9.3  Micros  truotures 


Optical  photomiorographa  of  the  as-cat  t  Phase  II  alloys  are  shown  in  Figures 
56  and  57.  A  typical  micr  .structure  of  cast  Rene*  100  alloy  is  shown  in 
Figure  56a,  It  contains  MC  carbides  and  a  small  a  lount  of  y  -  4'  '  eutectic. 


38 


The  vanadium -free  alloy  contains  a  larger  amount  of  I'  -  eutectic . 
This  is  probably  due  to  the  higher  A1  +  Ti  content  in  the  alley  rather  than 
the  absence  Of  V.  The  doped  alloys-  (56b,  c  and  57)  contain  increased  amounts 
of  /  -  Jf  *  eutectic  and  a  rare-earth  containing  phase.  Since  the  rare-earth 
phase  is  most  probably  rich  in  Ni  (e.g.  NiS.E.),  a  greater  amount  of  |f-  /  * 
eutectic  is  to  be  expected. 

Electron  micrographs  of  selected  alloys  are  shown  in  Figures  58  -  SO. 

Typical  ,  carbide  and  eutectic  structures  in  base  Rene*  100  are  shown 
in  Figure  58.  Typical  rare-earth  phase  distributions  are  indicated  in  Figures 
59  and  60.  The  phase  is  concentrated  in  grain  and  dendrite  boundaries  and 
in  regions  near  j* -  i  *  eutectic  colonies.  Tie  location  near  the  coarse  part 
of  the  eutectic  indicates  that  the  phase  has  a  melting  point  below  the  /  -  /  * 
eutectic. 

10.0  QXIDATION/HOT  CORROSION  RESULTS,  PHASE  11 

10.1  Oxidation  Tests 

Phase  II  alloys  were  evaluated  similarly  to  “'he  Phase  I  alloys,  utilizing 
continuous  weight  gain  tests  to  establish  kinetics  and  isothermal  and  cyclic 
oxidatiou  tests. 

10.1.1  Continuous  Weight  Gain  Tests 

Continuous  weight  gain  tests  were  carried  out  at  2000°F  on  all  the  alloys 
and  at  1800°F  for  alloys  36  (base)  and  40  (O.lGd).  A.  summary  of  the  oxidation 
rate  constants  are  determined  from  the  data  are  listed  in  Table  XXVII.  At 
2000°F  all  of  the  alloys  exhibited  weight  gain  curves  very  nearly  identical 
to  the  base  alloy.  Alloy  40  (0.1  Gd)  was  the  best  of  the  al'oys  and  its 
behavior  was  compared  to  the  base  at  1800°F.  The  results  are  plotted  in 
Figure  61,  At  1800°F  the  doped  alloy  was  somewhat  more  oxidation  resistant 
than  the  ba3e,  with  its  rate  constant  going  to  ze_o  after  1200  minutes.  At 
1800°F  the  rate  constants  for  both  alloys  are  very  nearly  the  same  as  for 
the  base  and  for  0.06  Gd  alloy  studied  in  Phase  I  (Table  XIV).  The  oxidation 
rate  of  the  base  alloy  at  2000’F  was  higher  than  the  average  value  reported 
for  Rene*  100  in  Table  XIV,  Sinoe  only  average  Rene'  100  data  was  used  for 
comparison  in  Phase  I  if  is  possible  that  at  2G00*V  the  difference  between 
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the  base  and  the  doped  alloys  reported  in  Table  XIV  may  not  be  real.  The 
rate  constants  for  the  doped  alloys  studied  in  Phase  X  were  a  factor  of 
10  higher  than  doped  alloys  of  Phase  XI,  The  reasons  for  the  difference  are 
not  dear,  but  it  is  possible  that  the  base  alloy  used  in  Phase  I  was 
bast dally  inferior  in  oxidation  resistance  at  2000UF.  A  comparison  of  the 
chemistries  of  the  base  alloys  of  Phase  I  and  12  indicates  that  only  Zr  and 
possibly  ZrA  variations  could  account  for  the  different  behavior. 

10,1,2  isothermal  and  Cyclic  Oxidation  Tests 

Phase  XX  alloys  were  oxidized  statically  for  100  hours  at  1600,  1800  and 
2000®F.  The  data  are  presented  in  Table  XXVIIX,  All  the  alloys  behaved 
Similarly  at  1600  F .  At  1800  F  the  base  alloy  exhibited  the  smallest  *>*r  ight 
gain  but  the  spalling  was  generally  less  for  the  doped  alloys  indicating 
Improved  oxide  adherence.  At  2000°F  there  was  no  indication  of  catastrophic 
oxidation  which  occurred  on  some  of  the  Phase  I  alloys  in  less  than  25  hours. 

The  Phase  II  base  alloy  again  exhibited  much  better  oxidation  resistance 
than  the  Phase  I  base. 

The  results  of  the  cyclic  oxidation  tests  are  presented  in  Table  XXIX.  After 
5-100  hour  cycles  at  1800°F  the  weight  changes  of  all  the  alloys  are  probably 
within  the  accuracy  of  the  measurements.  Again  the  oxidation  resistance  of 
the  Phase  II  base  alloy  was  better  than  Phase  I  by  a  factor  of  about  3  in 
terms  of  weight  gain  and  spalling  loss.  At  S000oF  for  150  hours  there  was 
no  indication  of  catastrophic  oxidation  as  occurred  on  Phase  I  alloys. 
Practically  all  of  the  metal  loss  data  reported  in  Table  XXX  is  due  to  inter¬ 
granular  oxidation  rather  than  surface  scale. 
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10,1,3  Metallographic  Observations 


Typical  microstructures  of  the  alloys  after  oxidation  are  shown  in  Figures  62 
and  63,  All  are  characterized  by  intergranular  oxidation,  alloy  depletion  and 
multicomponent  oxides, 

10,2  Hot  Corrosion  of  Phase  II  Alloys 

)■ 

Hot  corrosion  tents  worn  performed  for  50  hours  at  1725°F  following  procedures 
outlined  in  rhas*  T c  'tu;»ag  the  first  test  all  of  the  alloys  were  severly  corroded. 
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A  second  test  was  run  for  confirmation.  In  the  second  test,  the  teat  temper¬ 
ature  was  about  100°F  low  for  a  portion  of  the  test  and  most  of  the  alloys 
exhibited  only  minor  corrosion.  Only  the  base  without  V  was  moderately  corrodad* 
Microstructures  of  the  tested  specimens  are  shown  in  Figures  64  and  66.  The 
base  and  the  doped  alloys  all  appeared  to  be  about  equal  in  terms  of  Intergranular 
penetration.  Alloy  depletion  was  generally  less  in  the  doped  alloys  than  in 
the  base  probably  caused  by  more  adherent  oxide  formation  on  the  doped  alloys. 

Concurrent  with  the  testing  f  Phase  II  alloys  a  series  of  Phase  I  alloys  were 
tested  in  both  the  “drop  cast"  and  investment  cast  conditions.  "Drop"  or 
chill  casting  of  Rene'  100  type  alloys  results  in  a  highly  refined  microstructure 
and  much  better  distribution  of  the  rare-earth  containing  phases.  A  comparison 
of  typical  structures  is  made  in  Figure  66.  It  is  expected  that  more  efficient 
utilization  of  the  doping  elements  can  be  obtained  ir.  a  more  refined  structure. 
Also,  the  minimum  dopant  level  required  for  surface  stability  will  be  lower  the 
better  is  the  distribution.  The  objective  of  these  tests;  were  t-o  better  determine 
the  minimum  required  dopant  level  with  a  near-ideal  dopant  distribution. 

C5) 

A  further  objective  was  to  provide  comparisons  with  earlier  tests  where  Mn 
additions  were  found  to  be  required  for  hot  corrosion  resistance.  The  results 
of  these  tests  are  presented  in  Table  XXX.  In  cases  where  a  comparison  can  be 
made,  Lin  appears  to  be  beneficial,  however,  the  effects  of  structure,  as 
controlled  by  casting  technique,  overshadow  compositional  effects.  Rene'  100 
base  alloy  exhibits  poor  corrosion  resistance  regardless  of  the  microstructure. 
Most  of  the  alloys  exhibited  very  significantly  better  corrosion  resistance  in 
the  "drop  cast"  condition.  This  is  attributed  to  the  improved  distribution 
of  the  rare-earth  containing  phases  in  the  "drop  cast"  alioys.  Typical  micro¬ 
structures  of  the  tested  alloys  are  shown  in  Figures  67  and  68.  Figure  67 
compares  the  drop-cast  with  investment  cast  0,13  w/o  Y  alley.  The  drop-cast 
material  exhibits  a  much  finer  microstructure  and  much  better  corrosion  resis¬ 
tance.  Additional  alloys  are  shown  in  Figure  68.  In  68a,  the  base  alloy,  drop- 
cast,  exhibits  no  significant  improvement  even  though  the  structure  is  refined. 

In  68b  is  shown  the  Q.24ky*>/o  Y  alloy  which  exhibited  improved  corrosion  resistance 
in  spite  of  the  coarse  grain  structure  present  in  the  investment  cast  material. 
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The  Above  tests  demonstrate  that  both  compositional  and  structural  variables 
play  s  significant  role  in  the  hot  corrosion  behavior.  Also,  the  results  provide 
-  s  plausible  explanation  tor  the  vide  variation  in  hot  corrosion  behavior  of 
investment  east  material  even  from  the  same  alloy  and  same  casting*  A  vide 
variety  of  structures  can,  and  are  found  in  a  single  casting  and  thus  result 
in  a  variable  response  to  a  corrosive  environment.  It  is  apparent  that  rare- 
earth  elements  in  concentrations  greater  than  about  0.1  a/o  are  required  for 
hot  corrosion  resistance  even  when  the  structures  are  near  ideal  (drop  cast) • 

In  investment  cast  material  the  amount  required  must  depend  to  a  larger  degree 
on  the  structure  but  amounts  of  the  order  of  0,2  a/o  appear  to  be  minimal. 

10,3  Identification  of  Reaction  Products 

The  reaction  products  formed  on  Rene*  100  alloys  in  both  Phase  I  and  II  were 
examined  in  attenpting  to  explain  the  oxidation/hot  corrosion  behavior  of  the 
alloys.  The  reaction  products  formed  during  static  and  cyclic  oxidation  testing 
at  1600  and  1800°F  as  determined  by  x-ray  diffraction  analysis  are  summarized 
in  Tables  XXXI  through  XXXIII u 

Referring  to  Table  XXXI  little  difference  Is  observed  in  the  reaction  products 
formed  cm  various  doped  Rene'  100  specimens  after  1000  hours  exposure  at  1600°F. 
The  principal  reaction  products  formed  ar  NiO,  cubic  spinel,  and  a  perovsklte 
phase  NiTiO^.  The  lattice  parameter  (a  *  4.19  A  )  of  the  NiO  phase  observed 
on  these  alloys  is  intermediate  between  pure  NiO  (a  =  4.178  a  )  and  CoO 
(a  «  4.26  a  )  indicating  the  oxide  may  actually  he  (Nl,  Co)  O.  The  lattice 
parameter  of  the  spinel  phase  (a  a  8,32  A  )  most  likely  represents  a  (Ni,  Co) 

Cra  04  oxide  phase.  The  parameter  of  the  spinel  of  the  Mn  containing  alloys 
la  no  different  indicating  little  Mn  present  in  the  spinel.  Contrary  to  earlier 
work  the  Mn  additions  do  not  appear  to  promote  spinel  formation. 

The  reaction  products  formed  during  the  1800°F  exposure  (Table  XXXII  and  XXXIII) 
indicate  the  following: 

(1)  The  relative  resistance  of  the  alloy  is  related  to  the  intensity 
of  the  matrix  lines  and  for  statio  oxidation  specimens  the  amount 
of  spinel  formed.  The  greater  the  matrix  intensity  -  the  greater 
the  amount  of  spalling,  and  the  more  predominant  the  spinel  phase- 
the  most  oxidation  rent staat  the  alloy. 
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(2)  Oxide  exfoliation  initially  occurs  at  the  KiO/spinel  interface 
and  subsequently  at  the  spinel/ftlTiOg  Interface. 

(3)  The  lattice  parameter  of  the  cubic  spinel  was  found  to  vary  from 

a  a  8,2  A  to  a  ■  8.35 A  implying  a  mixture  of  Ni,  Co,  Cr  and  Al. 

Mn  additions  do  not  promote  spinel  formation. 

(4)  The  lattice  parameter  of  the  matrix  decreased  with  decreasing 
oxidation  resistance.  This  no  doubt  reflects  a  decrease  of  solute 
elements  within  the  alloy  depletion  zone  to  yield  nearly  pure  Ni. 

(5)  Those  alloys  exhibiting  poor  resistance  indicated  the  presence 
of  TiC>2  and  Al^O^,  indicating  these  compounds  formed  as  internal 
oxides  which  were  exposed  due  to  excessive  spalling. 

(6)  Although  there  were  isolated  diffraction  patterns  with  one  or  two 
unidentified  lines,  no  connection  between  these  "unknowns"  and 
rare-earth  containing  oxides  could  be  established.  Hence,  rare- 
earth  containing  oxides  could  not  be  detbuted  using  this  technique. 

The  oxidation  products  formed  during  catastrophic  oxidation  at  2000°F  indicate 

•  ■  « 

principally  NiO  (a  a  4.18  A  )  and  Spinel  (a  ®  8.30  A  ).  The  postulated 
low  melting  compound  oxides  of  Vg®,.  +  <R.E.)203  were  not  detected  by  x-ray. 

In  the  absence  of  catastrophic  oxidation  at  2000°F,  the  spalled  oxidation 
products  are  also  NiO  and  spinel  as  indicated  in  Table  XXXIII.  At  2000°F 
the  alloys  which  exhibit  the  best  oxidation  resistance  form  Al^O,^  -  rich  oxides. 
It  appears  that  as  the  temperature  is  Increased,  selective  oxidation  of  Al 
occur 8  and  results  in  layer  formation  rather  than  internal  particle  formation 
such  as  occurs  at  180Q*F.  The  beneficial  effect  of  the  doping  elements  at 
the  higher  temperature  would  appear  to  b«  in  promoting  the  formation  of  a 
protective  Al^O^  film.  However  this  effect  is  not  clearly  indicated  by  the 
present  data. 

1 1.0  MECHANICAL  PROPERTIES  OF  PHASE  II  ALLOTS 

Phase  II  alloys  were  evaluated  for  tensile  and  stress  rupture  properties. 

The  results  ot  1300*F  tensile  tests  are  shown  in  Table  XXXIV.  The  tensile 
strength  ami  the  ductility  of  the  elloya  are  comparable  to  the  base  Rene*  100 
alloy. 
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Stress  rupture  data  are  presented  in  Tables  XXXV  through  XXXVIII.  In  general 
the  strengths  of  the  doped  alloys  are  equal  to  or  higher  than  the  base  at 
1500°F  in  high  stress,  short  time  tests.  In  long  cime  tests  (100-200  hrs.)  at 
15006F  the  alloys  are  about  equivalent  although  considerable  scatter  is  evident. 
At  1800°F/27.5  Ksi  some  of  the  doped  alloys  are  equivalent  to  the  base  in 
both  rupture  life  and  ductility.  At  1800°F  20  Ksi  the  base  al..oy  exhibits  better 
life  and  ductility  than  the  doped  alloys.  Rupture  ductility,  particularly  the 
B.A.,  is  low  in  the  doped  alloys  in  the  long  time  1SG0°F  tests  and  in  seme  cases 
probably  limits  the  strength.  Alloy  #40  exhibits  the  best  strength  properties 
of  the  Phase  II  alloys  both  at  low  and  high  temperatures.  The  rupture  strengths 
of  the  betcer  alloys  lie  within  the  expected  scatterband  for  Rene’  100  alloy 
os  indicated  in  Figure  69. 


12.0  DISCUSSION 

The  results  of  this  investigation  have  demonstrated  that  the  addition  of  small 
amounts  of  reactive  "doping"  elements  can  significantly  improve  the  surface 
stability  of  Ni-base  superalloys.  However  the  attainment  of  significant  improve¬ 
ments  in  surface  stability  is  not  without  some  sacrifice  in  other  properties 
such  as  workability  (in  the  case  of  wrought  alloys)  or  strength  and  ductility 
(in  the  case  of  cast  alloys). 

Considering  first  the  wrought  alloys,  the  principal  problem  with  high  strength 
Ni-base  supcralloys  is  the  hot  working  characteristics.  In  order  to  provide 
alloys  with  increased  high  temperature  strength  total  alloying  contents  must 
necessarily  be  increased.  Therefore  solution  temperatures  for  phases  such  as 
l '  are  increased  and  the  minimum  hot  working  temperature  is  increased.  At 
the  same  time,  however,  the  solidus  temperature  is  decreased  because  oi  the 
increased  alloying.  The  hot  working  temperature  range  becomes  almost  impossibly 
narrow.  For  an  alloy  of  the  Astroioy  type  the  range  is  50  to  100°F.  For  AF  2-IDA 
the  range  is  somewhat  greater  on  the  high  temperature  end  due  to  the  high  carbon 
level  which  inhibits  grain  growth.  However,  the  addition  of  rare-earth  type 
elements  result  in  formation  of  low  melting  compounds  which  narrows  the  hot 
working  range.  Most  of  the  successful  applications  of  "doping''  principles 
have  been  in  wrought  alloys  because  working  of  the  structure  results  in  more 
uniform  distribution  of  the  low  melting  phases.  More  efficient  use  of  the 
dopant  is  obtained  with  less  detrimental  effect  on  mechanical  properties.  Also, 
a  larger  amount  of  dopant  can  be  added  without  reducing  mechanical  properties. 
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In  considering  future  direction  it  would  seem  necessary  to  broaden  the  hot 
working  range  by  adding  dopant  compounds  hsving  higher  melting  points  or  by 
starting  with  a  more  homogeneous  material;  such  as  for  example  might  be 
produced  through  powder  metallurgy  techniques. 

Turning  to  the  cast  alloys  such  as  Rene'  100,  additions  of  even  small  amounts 
of  "foreign"  elements  cannot  be  considered  as  "minor" additions  •  The  chemical 
compositions  of  high  strength  turbine  blade  alloys  are  highly  balanced* 

This  is  necessary  to  obtain  nearly  equal  matrix  and  grain  boundary  strengths. 
Addition  of  very  small  amounts  of  Zr  and  B  have  profound  effects  on  the 
properties  of  -base  superalloys.  It  is  generally  agreed  that  these  elements 
operate  on  grain  boundary  regions  in  an  as  yet  incompletely  explained  manner. 

It  is  not  too  surprising  then  that  rather  large  amounts  of  "dopants"  (large 
compared  to  Zr  and  B  contents)  adversely  afiect  the  mechanical  properties. 

As  indicated  in  Figure  59,  the  rare-earth  compounds  in  the  grain  boundaries 
can  occupy  a  large  fraction  of  the  boundaries.  Extensive  microprobe  studies 
have  shown  that  the  compounds  lie  in  dendrite  and  grain  boundaries  -  not  in 
the  matrix. 

The  results  of  Phase  II  demonstrate  that  nsar-parent-metal  properties  can 
be  retained  in  an  alloy  which  contains  <—  0.03  a/o  Gd.  Further,  some  improve¬ 
ment  in  surface  stability  was  aoted  although  the  degree  of  improvement  appears 
minor.  It  is  possible  that  under  actual  service  conditions,  where  the  hot 
corrosion  environment  is  much  less  severe  than  is  the  lab  tests,  the  degree 
of  Improvement  could  be  significant. 

13.0  CONCLUSIONS 

From  the  results  of  this  investigation  the  following  conclusions  are  off erred: 

(1)  Reactive  metal  additions  can  significantly  improve  the  surface 
stability  of  Ni-base  superalloys. 

(2)  In  cast  alloys  the  amount  of  doping  elements  required  for  significant 
surface  stability  improvement  seriously  degrade  the  mechanical  properties. 

(3)  In  wrought  alloys,  dopants  seriously  impair  hot  workability  through 
a  lowering  of  the  solidus  temperature. 
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14.0  RECOMMENDATIONS 


Future  effort  on  Improvement  of  the  surface  stability  of  complex  alloys 
through  addition  of  reactive  element  additions  should  bo  concentrated  on 
2  frontu:  First,  consolidation  of  the  alloys  should  include  techniques 
which  will  result  in  a  greatly  improved  distribution  of  the  reactive  element 
phase.  In  this  way,  improvements  in  surface  stability  without  loss  of 
mechanical  properties  may  be  obtained.  At  the  present  time  powder  metallur¬ 
gical  techniques  would  appear  to  offer  the  most  promise  for  a  successful 
demonstration.  Secondly,  considerable  effort  should  be  expended  in  deter¬ 
mining  the  basic  mechanisms  through  which  reactive  metal  additions  Improve 
surface  stability  -  particularly  with  respect  to  effects  on  "hot  corrosion" 
resistance.  This  is  particularly  challenging  because  the  hot  corrosion 
behavior  of  conventional  alloys  is  relatively  imperfectly  understood.  Better 
understanding  of  the  reactions  which  occur  in  service  environments  could 
eventually  result  in  the  development  of  alloys  which  exhibit  significantly 
superior  combinations  of  strength  and  surface  stability. 
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CHEMICAL  ANALYSIS  OF  NICKEL  MASTER  ALLOYS 
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TABLE  V 


DATA  FOR  THE  RE -EXTRUSION  OF  DOPED  UN I TEMP  AF  2 -IDA  ALLOYS 


Alloy 

No. 

Heat 

Minor  Element 
Addition (w/o) 

Extrusion 
Temp  (*F) 

Extrusion 

Ratio 

Max 

Load  (Ksi) 

Max  Ram 
Speed  (IPS) 

Extrusion 
Condition*8  > 

1 

KB2178-1 

Base 

2025 

8.9:1 

124 

2.75 

Fair* 

12 

KB2 178-2 

0.31La 

2025 

9.1  :1 

128 

4.5 

Poor* 

8 

KB2179-1 

0.21La+0.8Mn 

1975 

8.8:1 

108 

3.0 

Focr* 

9 

KB2179-2 

0 . 42La+0 . 8Mn 

1975 

9.0:1 

117 

5.0 

Poor* 

6 

KB2180-1 

0.21Ce+0.8Mn 

1975 

8.9:1 

128 

6.0 

Pocr* 

7 

KB2180-2 

0.42Ce+0.8Mn 

1975 

8.8:1 

130 

6.0 

Very  Poor* 

4 

KB2181-1 

0.23Gd+0.8Mn 

2025 

9.1:1 

84 

2.75 

Good 

5 

KB2181-2 

0. 46Gd+0.8Mn 

2025 

9.1:1 

£9 

3.0 

Good 

10 

KB2182-1 

0.32Th+0.8M 

2025 

8.9:1 

101 

2.75 

Good 

H 

KB2182-2 

0.64Th+0.8Mn 

2025 

9.0:1 

100 

3.0 

Good 

13 

KB2183-1 

0.8Mn 

"025 

9.0:1 

101 

3.0 

Good 

2 

KB2 1:13-2 

0. 14Y+0. 8Mn 

2025 

9.1:1 

99 

3.0 

Good 

3 

1132183-3 

0.28Y-l0.8Mn 

2025 

8.4:1 

100 

3.0 

Good 

8 

KH21 79- IN 

0.21La+0,8Mn 

2025 

6.9:1 

136 

3.0 

Fair 

9 

KB2179-2T 

0.42La+0.8Mn 

2025 

6.9:1 

136 

3.0 

Poor 

6 

KB2180-1N 

0.21Ce+0.8Mn 

2025 

7.1:1 

116 

3.25 

Fair 

7 

KB2180-2T 

0.  12Ce+0.8Mn 

2025 

7.1:1 

116 

3.25 

Poor 

1 

KB2178-1N 

Base 

2025 

7.4:1 

126 

3.0 

Good 

12 

KB2178-2T 

0. 31La 

2025 

7.4:1 

126 

3.0 

Fair 

*  Were  extruded  again  (last  6  extrusions). 

(a)  based  upon  visual,  radiographs  and  load  cells  on  extrusion  rara. 
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TABLE  VI 


CONCENTRATION  OF  DOPANTS  IN  PHASE  I  RENE  100  ALLOTS 

Nominal  Actual  Actual 


Alloy  Nc. 

w/ o  R  >  E • 

14 

- 

15 

0.14Y 

16 

0.28Y 

17 

0.23(kl 

18 

0. 46Gd 

19 

0.21Ce 

20 

0. 42Ce 

21 

0. 21La 

22 

0.42La 

23 

0 , 32Th 

24 

0 . 64Th 

25 

0.25MM 

26 

0.50NM 

27 

0.31La 

28 

0.31La 

29 

0. 31La 

30 

0.l5La+0.2Th 

31 

0.15La+0.2Tb 

32 

0.1Y+0.2Th 

33 

0.1Y+0.2Th 

34 

0.2Ce+0.31Tir 

35 

0.2Ce+0.31T5 

w/oMn  w/o  PE. 


0.13Y 
0.24Y 
O.ZOGd 
0 . 53G(i 
0.18Ce 
0 . 42Ce 
0.24La 
0 . 24La 
0.20T1" 

N.D. 

— 0.2MM 
~0.4MP 

0.2  0.251a 

0,5  0.01M* 

0.8  0.31La 

0.25  0.12La+0.18Th 

0.8  O.ULa-’-O.lTTh 

0.25  0.07Y+0.  J.6Th 

0.8  G.08Y+0. 18TI1 

0.25 

D.O 


w/o  Mn  a/o  R.E. 


0.09Y 
0.17Y 
0 . 09Gd 
0 . 23Gd 
0 . 09Ce 
0.21Ce 
0. 12La 
0. 12La 
0 . 06Th 
N.D. 

~0.1MM 
-  ~0,2MM 

0.2/0.  9  0 . 12La 

0.58  Nil 

0.72/0.62  0. 1.5La 

0.22/0  25  . 06La+.06Th 

0.72  . 06La+ . OSTh 

0.24  . 05Y+.05Th 

0.69  . 06Y + . 06Th 


N.D.  Below  Detectable  Limits 
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TABLE  IX 


SUMMARY  OP  RATE 

CONSTANTS  FOR  TOE 

OXIDATION  OF  AP  2 

l-IDA  (HT#  KC  1564) 

TEST  NO. 

m 

RATE  CONSTANTS 

C-l 

1400 

. 85  X  10"7{300  -  4800  MIN) 

C-3 

1600 

Kb.0.36  X  10"8<10  -  40  MIN) 
TRANSITION  (100  -  3000  MIN) 

Xpj-2.0  X  10-7 (3000  -  6000  MIN) 

C-9 

1600 

Ktfrf.34  X  10~*(10  -  40  MIN) 
Xp-7.64  X  10*"7  (200  -  1500  MIN) 

C-5 

1800 

Kxj>5. 0  X  10-B  (10  -  tO  MIN) 
Kpj-4.87  X  10~6 (360  -  6000  MIN) 

C-ll 

1800 

Kfc.4.20  X  10“6(10  -  30  MIN) 
Kpj-6.11  X  10“a(1000  -  600C  MIN) 

C- 13 

1900 

Kip>2 . 09  X  10~4(1  -  20  MIN) 
Xpj-2.76  X  10~5(100  -  3600  MIN) 
Xpjj-1.67  X  10  6 (3600  -  6000  MIN) 

C-4 

2000 

X ;ja5 . 75  X  10"4(1  -10  MIN) 

Kpj-2.17  X  10-4 (20  -  120  MIN) 
Xpjj.1.91  X  10~B(1000  -  ©000  MIN) 

C-10 

20(0 

*1^5.50  X  10_4(1  -  15  MU) 

KPfal .  40  X  10~4  (500  -  10<0  MIN) 
Xpjjxl.72  X  10-6(1800  -  i.OOO  MIN) 

C-2 

2100 

Kpjwl.21  X  10~4(500  -  22  N)  MIN) 
Kpjj-4.50  X  10-**  (2200  -  »800  MIN) 

C- 12 

2100 

Kpj«4.5  X  10"4(100  -  10(0  MIN) 

Kpj  pa  1.23  X  10""6  ( 1800  -  4000  MIN) 

/c*3  /P°c  •  Kt*"**3  /'cm*  /P*c 

Valuea  In  parenthesis  Indicate  t law  during  which  each  rate  constant  applies. 
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TABLE  X 


a 

l 


STivnc 

OXIDATION  OF  UNITEMP  AF 

2-IDA* 

f 

Isothemvl 

* 

Temp 

Time 

Spec.  Wt. 

Galn^  Spalling  Loas^ 

Total  Wt.  Change*' 

| 

•P 

Hrs. 

(mg/cm8 

)  (mg/ cm3  ) 

(mg/ cm8  ) 

4 

1800 

100 

+1.314 

0.128 

+1.442 

1800 

400 

+0.368 

2.979 

+3.347 

1 

2000 

25 

+0.815 

0.663 

+1.478 

w 

2000 

100 

-0.358 

3.753 

+3.328 

2000 

400 

-4.014 

9,233 

+5.219 

Cyclic(  d) 

1800 

100 

+1.314 

- 

+1.242 

* 

1800 

200 

+1.714 

0.157 

+1.871 

1800 

300 

+2 . 100 

0.199 

+2.299 

1800 

400 

+2.428 

0.199 

+2 . 627 

1800 

500 

+2.693 

0.428 

+3.127 

1800 

600 

+2.613 

0.957 

+3.570 

* 

1800 

700 

+1.785 

1.927 

+3.712 

1800 

800 

-2.256 

6.425 

+4.169 

i 

1800 

900 

-3.318 

7.416 

+4.098 

1800 

1000 

-6.526 

10.595 

+4 . 069 

2000 

25 

+0.815 

0.663 

+1.477 

— * 

2000 

50 

+0.195 

1.712 

+1.947 

*»> 

2000 

75 

-2.361 

4.556 

+2.430 

2000 

100 

-2 . 872 

5.289 

+2 . 568 

f 

2000 

125 

-3.286 

5.938 

+2 . 872 

2000 

150 

-3.452 

4.791 

+1.533 

2000 

175 

-3. 655) 

4.971 

+1.491 

• 

2000 

200 

-3.742 

5.413 

+1.726 

i 

i 

2000 

225 

-4.101 

5.828 

+ 1.727 

2000 

250 

-4 . 525) 

6.477 

+1.948 

2000 

275 

-5.772 

8 . 106 

+2.334 

\ 

2000 

3(H) 

-4  .  ,75) 

8.244 

+2.265 

4 

2000 

325 

-6.407 

8.892 

+2.485 

3000 

350 

-8.740 

1 1 . 007 

+2.267 

W 

t 

2000 

375 

-9 . 666 

11.934 

+2.268 

i. 

2000 

400 

-10.812 

13.146 

+2.334 

*  Ht  KC  1584 

(•)  Weight  change  or  specimon  only. 

(b)  Algebraic  sum  of  (a)  -  (b)  represents  ox  Ido  lost  through  spoiling, 
(e)  Total  weight  ehnnc«  of  crucible  containing  specimen  and  spalled 
products  (corrected  lor  crucible  *• .  change). 

(d)  Cycled  to  room  temperature  ul  each  tisse  interval. 
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CYCi-JC  OXIDATICfi  BEHAVIOR  Of  SOME  DOPED  AT2-1DA  ALLOYS 
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TABLE  XIII 


REACTION  PRODUCTS  FORMED  DURING  OXIDATION 
OF  VARIOUS  DOPED  AF2-1DA  A1TGYS 


1800*F/1000  Hr. 

Alloy  # 

w/o 

Additions 

Wt.  Gain* 3  >  Type 
(ag/ca3)  Spec. 

1-8A 

Base 

5.57 

<1) 

NiO(vs)  Spinel  <8^  =8 . 35jt)  («)i*iOa  (■> 
+Matrix+Spinel  Cs^  -8 . 13  j[)  (nr)Xl?103  (w) 

1-8A 

Base 

5.57 

(2) 

Spinel (ap  =3.33  a) (vs)*ttlO(a) 

2-9 

G.llY+0.8Ma 

5.40 

(1) 

Spinel (Sq -8. 3 5 A) (vs) +N1T103 (nr) 

2-9 

0.  HY+0.8Mn 

5.40 

(2) 

Spinel^  =8.35?)  (vs) 

11-9 

0. 64Th+0.8Mn 

13.91 

(1) 

NiO(a0=4.17A(s)+^pinel(«D  =8.3$|(ns) 
*Ti0(*)Cr?03<B) 

11-9 

0,64Th+0.8Mn 

13.91 

(2) 

NiOttL,  =4 . 19  J,)  <s  )  -*Spi  nel  *8. 34j[)  (s) 

+  Cr803(w)+TiOa(vvw) 

13-8A 

O.SMn 

4.49 

(1) 

Spinel  (a0  =8.35 1)  <Ys)+WiTi03  (ww) 

13-355 

O.SMn 

4.49 

(2) 

Spinel  (Sp  =8 . 13j^)  (vs) 

1800*F/3-100 

Hr.  Cycles 

1-8 

Base 

2.19 

(1) 

TiOa  (si-tC^Oj  (»)+Matrix(a) 

2-8 

0.11Y+0.8Mn 

0.39 

(1) 

Spinel  (Sp  =8 . 32  A)  {s>+HiCKs)  -WiTi03  (a) 

♦Matrix (w) 

11-8 

0. 64Th+0. 8Jln 

2.76 

(I) 

NiOCvsl+SpioeKSp  =8.40X)  (s)-*TiOr  (vw) 

13-8 

O.SMn 

1.04 

(1) 

Spinal (Sp  =8 . 34 A) (vs) ♦WiO(w) +M*trix(w) 
■»Ti02(w)+KiTi03(w) 

2000#F/1000  Sr. 

1-11 

Base 

8.06 

(1) 

TiOa  (s)+AL,0,  (as)  ♦Spinel^  =8.  XOjl) 

2-n 

0.11Y+0.8Mn 

8.28 

(1) 

Spinel (Sp  -8  10|) (s)+A1803  (aw)  T10,  (a) 

ii-ii 

0. 54Th-0.8Mn 

19.71 

(i) 

Spine)  (s^  »8 . 11  A>  (vs) (a) mo,  (a) 

13-11 

O.SMn 

16.4 

(1) 

Spinal  ‘*0  =8.  IT-l)  (a)Ml,Os  (a)^i(^  (a) 

n -strong, 

a-ru?diu«,  w-weafe,  v-vory 

(1)  Ox id a  in  «ltu. 

(2)  Spoiled  oxide  produces 

(3)  Total  specimen  »t.  f*i.«  plus  a?H±l<*i  products 
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TABLE  XIV 


SUMMARY  OF  OXIDATION  RATE  CONSTANTS  FOR  SOME  DOPED  RENE  100  ALLOYS 

1800*F 


Test 

No. 

Alloy 

Mo. 

a/o  R.E.  +  w/o  Mn 

KPj  l  a) 

KPlI  (b) 

* 

m 

Base 

1.5  x  10-6(10-400  Min) 

3.0  x  10"g(400-6000  Min) 

C-47 

14 

Base 

1.20 

X 

10"B (10-900  Min) 

2.22 

X 

10"6(900-6000  Min) 

C-25 

15 

.097 

1.30 

X 

10-fi (20-2300  Min) 

5.41 

X 

10-6(2300-6000  Min) 

C-51 

17 

.  G9Gd 

6.00 

X 

10-6 (50-1500  Min) 

2.62 

X 

10-6(1500-4200  Min) 

C-49 

18 

.23Gd 

1.47 

X 

10"6(20-500  Min) 

3.48 

X 

10-6(840-6000  Min) 

C-33 

19 

.  09Ce 

7.40 

X 

10-8(10-400  Min) 

1.50 

X 

10-6(400-6000  Min) 

C-27 

20 

.21Ce 

3.12 

X 

10-8(10-6000  Min) 

- 

C-28 

21 

.  12La 

2.04 

X 

10*8(10-625  Min) 

2.65 

X 

10-6(625-6000  Min) 

C-48 

23 

.06Tb 

1.76 

X 

10-8(20-900  Min) 

1.36 

X 

10-6(900-6000  Min) 

C-37 

25 

;om 

4.30 

X 

10-8(10-500  Min) 

1.16 

X 

10"6(1800-6000  Min) 

C-39 

27 

. 12La  T . 2Mn 

1.38 

X 

lO-4 (10-600  Min) 

.1.59 

X 

10-6(700-6000  Min) 

C-43 

28 

Nil  >  .3 mo 

4.94 

X 

10-6(10-900  Min) 

6.29 

X 

10-6(900  -6000  Min) 

C-46 

30 

.06UH  .  06Th+ .  22Mn 

4.35 

X 

10-8(170-625  Min) 

9.S5 

X 

10” 6 (625-6000  Min) 

C-50 

33 

.06Y+.06Tfc+.69Mn 

1.14 

X 

10*6(50-3000  Min) 

- 

2000* F 

a 

- 

Base 

6.8  x  10-8(10-150  Min) 

3.7  X  10-6(400-6000  Min) 

C-24 

IS 

.09Y 

1.80  x  10~4 (10-150  Min) 

2.29  x  10-6(300-6000  Min) 

C-32 

19 

.  09Ce 

5.26  x  10"a (10-80  Min) 

2.91  x  10"'1  (80-500  Min) 

C-26 

20 

.  21Ce 

2.14  x  10'3 (20-700  Min) 

- 

C-30 

22 

.  12La 

1.42  x  10'3 (10-250  Min) 

1.12  x  10':'  (250-1030  Min) 

C  -36 

25 

1 OMa 

2.79  x  10-3( 10-350  Min) 

- 

C-38 

27 

.  ISLa  +  .JMIn 

1.17  x  10"3(10-200  Min) 

4.32  x  iO*4 (200-3O00  Min) 

C-40 

28 

Nil  '  . 3SMn 

2.01  x  10~3 (10-840  Min) 

- 

C-41 

29 

.  ISLa  +.67Mn 

1.30  x  10"3 (10-50  Min) 

4.69  x  IO*' (50-80  Min) 

*  Avg.  rate  constant*  f rom  previous  tests  on  Ren4  100 
(»)  Ipj  3  Initial  par.iool.c  rate  constant  (ag^/CM* /sec) 

(b)  j  '  Secondary  parabolic  rate  constant  (a^/cnVsce) 

Values  In  parenthesis  Indicate  duration  which  ra‘«  constant  applies 
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TABLE  XVI 


EFFECT  OF  ,i80tt*F  CYCLIC  OXIDATION  ON  THE 
WEIGHT  CHANGE  OF  VARIOUS  DOPED  RENE  100  ALLOYS 


/» 1  loy 

w/o 

Total 

Weight  Change  (mg/cm3) 

( a) 

No.  of  10 

0  Hr.  C 

ycles^b ) 

No. 

a/o  R.E. 

Ma 

_JL 

2 

3 

4 

5 

6 

7 

8 

9 

10 

14 

~ 

- 

- 

2.15 

2.66 

3.29 

4.02 

4.58 

5.33 

5.72 

6.13 

13 

.09Y 

- 

2.20 

2.67 

2.62 

•  3.15 

3.36 

3.68 

3.5) 

4.28 

4.99 

5.44 

16 

.  17Y 

- 

1.64 

2.13 

2.17 

2.14 

2.60 

2.75 

2,61 

2.67 

2.78 

2.87 

17  - 

.  093d 

- 

1.92 

2.43 

2.61 

2.86 

3.11 

3.28 

3.25 

3.42 

3.58 

3.95 

18<c) 

.  23Gd 

- 

1.85 

2.37 

2.24 

2.31 

2.08 

- 

- 

- 

- 

- 

19 

.  09Co 

- 

2.73 

3.83 

3.05 

2.83 

5.15 

6.77 

8.87 

12.92 

16.25 

18.79 

20 

.21Ce 

- 

3.52 

7.02 

7.47 

8.31 

13.12 

17.73 

20.98 

27.17 

28.18 

31 . 88 

21 

.12La 

- 

2.95 

6.26 

4.67 

1.32 

1.07 

4.64 

8.60 

13.80 

17.65 

21.75 

22 

.  12Lu 

- 

2.59 

4.82 

5.16 

-0.14 

3.53 

4.74 

8.67 

8.77 

12.45 

13.(56 

23 

,06Th 

- 

3.01 

3.73 

4.82 

6.41 

8.20 

9.88 

11.87 

15.80 

19.51 

23.03 

24 

C.OOlTh 

- 

2.16 

2.54 

3,28 

4.70 

6,00 

6.97 

8.08 

10.04 

12.08 

14,35 

25 

~0 . 1 MM 

2.22 

3.37 

4.31 

5.68 

8.51 

11.10 

12.34 

17.25 

19.75 

23.80 

26 

~0.2MM 

- 

3  31 

5. 78 

5.87 

8.46 

12.00 

16.72 

21.91 

26.84 

20.85 

35.47 

27 

.  12La 

.19 

A,43 

2.36 

2.38 

2.82 

3.05 

3.40 

3.68 

4.50 

5.21 

6.20 

28 

Nil 

.38 

1 .88 

2.58 

2.45 

2.38 

2.75 

2.62 

2.49 

2.41 

2.60 

2.68 

29 

.  1  5La 

.67 

2.38 

3.70 

4.02 

4.24 

5.31 

6. 65 

7.49 

9.09 

10.60 

14.77 

30 

,G6La+.06Th 

.23 

1.76 

2.56 

2.69 

3.02 

3.04 

3.49 

3.86 

4  70 

5.40 

6.90 

31 

.06La+.(*6Th 

.72 

2.41 

3,20 

3.71 

4.63 

6.36 

8.04 

10.08 

13.05 

16.08 

19.65 

32 

.05Y+.05TL 

.24 

- 

- 

- 

- 

- 

3.30 

3.46 

3.68 

3.37 

4 . 39 

33(a) (b) (c) 

.06Y+,0GTh 

,69 

1.74 

1.67 

1. 96 

2.18 

2.29 

3.01 

4.15 

- 

- 

- 

34(c) 

,09Ce+.10Th 

.25 

3.33 

3.57 

5.44 

6.62 

7.94 

11.97 

15.38 

- 

- 

- 

35(c) 

.09Ce+. iOTh 

.80 

4.02 

4.81 

6.99 

8.67 

12.37 

15.73 

18.79 

- 

- 

- 

(a)  Total  weight  change  of  specimen  assuming  ail  reaction  products  remained 
adherent.  -  Ave.  of  duplicate  specimens. 

(b)  Cooled  to  room  temperature  and  weighed  after  each  cycle. 

(c)  Data  questionable  due  to  anomolous  crucible  behavior. 
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TABLE  XVII 


FFFECT  OF  180QaF  CYCLIC  OXIDATION  ON  THE 

; /k  ADHK HENCE  >F  VARIOUS  'IQPEl?  E  100  41.L01F 


_  Amount  of  Spalling  (mg/cm2)^ 

Alloy  w/o  No.  of  100  Hour  Cycles^  r~T 


No. 

a/o  It.E. 

Mn 

1 

2 

3 

4 

5 

6 

7 

8 

9  . 

10 

14 

- 

- 

0.21 

0.74 

1.96 

3.67 

4.32 

7.10 

9.11 

11.03 

13.13 

16.68 

.15 

.09  y 

- 

0.08 

0.32 

0.28 

0.76 

1.12 

1.38 

1.79 

3.38 

7.99 

10.50 

16 

.  1 7Y 

- 

0.07 

0.31 

0.08 

0.11 

0.49 

0.50 

0.44 

0.43 

0.59 

0,70 

17 

,09Gd 

- 

0.16 

0.43 

0.61 

0.78 

1.27 

1.63 

1.83 

2.4G 

2.87 

3.00 

18( 

.  23Gd 

- 

0.41 

-0.04 

-0.27 

0.04 

0.21 

- 

- 

- 

~ 

- 

19 

.09Ce 

-• 

0.06 

l.H 

3.88 

10.65 

20.84 

30.03 

46.85 

67.77 

84.52 

100.46 

20 

.21Ce 

- 

-0.02 

4.77 

8.42 

36.83 

57.02 

80.01 

101.72 

124.65 

142 .30 

158.84 

21 

.  12La 

- 

-0.02 

6.10 

8.11 

24.98 

28.64 

50.79 

74.36 

97.33 

116.25 

134.61 

22 

•  12La 

- 

2.03 

3.95 

5.37 

14.42 

32.43 

35.82 

57.94 

68.90 

87.9? 

100.72 

23 

.  06T’’ 

- 

0.35 

0.64 

4.35 

11.07 

17.21 

23.86 

32.83 

55.43 

94.16 

91.38 

24 

<. OOlTh 

- 

0.20 

2.70 

7.24 

12.76 

18.47 

25.07 

30.86 

41.98 

53.25 

65.46 

25 

~0 . 1MM 

- 

-0.12 

0.51 

2.72 

10.70 

24.38 

37.68 

45.77 

70.20 

82.09 

99.74 

26 

~0.2MM 

- 

0.34 

4.55 

18.34 

27.14 

45.02 

66.68 

89.32 

11 3 . 03 

134.19 

157.58 

27 

.  12La 

.19 

-0.03 

2.34 

0.13 

0.22 

0.47 

1.29 

2.33 

3.93 

6.56 

9.76 

28 

Nil 

.38 

0.09 

0.51 

0.78 

1.04 

1.59 

1.88 

1.96 

2.06 

2.38 

2.70 

29 

.15La 

.67 

0.08 

0.46 

0.69 

0.95 

2.46 

6.29 

14.14 

18.47 

35.29 

56.84 

30 

,06La+.06Th 

.23 

-0.19 

0.12 

0,23 

0.45 

0.54 

2.12 

3.07 

6.36 

11.49 

17.48 

31 

.  06I,a+.06Th 

.72 

-0.06 

0.25 

2.08 

5.27 

12.18 

21.17 

28.99 

49.20 

64. Cd 

74.31 

32 

.05Y+.05Th 

.24 

-0.04 

0.73 

1.12 

1.24 

1.86 

1.90 

2.44 

3.51 

4.15 

6.16 

33<c’ 

. 06Y+ . 06Th 

.69 

0 

-©.20 

-©.20 

0,36 

2.14 

7.09 

11.76 

- 

- 

34.(  c) 

.09Ce  +  .  lOTh 

.25 

0.35 

0.12 

6.77 

9.93 

20.80 

45.23 

62.41 

- 

- 

- 

35<fi) 

. 09Ce+ . 10Tb 

.80 

0.36 

0.57 

18.34 

23.60 

98.26 

74.20 

79.23 

— 

- 

- 

(a)  Weight  of  spalled  products  collected  in  the  crucible  per  unit  original  spec, 
surface  area  -  uverage  of  duplicate  specimens 

(b)  Cooled  to  room  temperature  between  cycles 

(c)  Data  questionable  due  to  anomalous  crucible  behayior. 
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TABLE  XVIII 


OE PTH  CF  METAL  ATTACK  DURING  CYCLIC  OXIDATION  AT  1800*F, 


DOPED  RENE  100  ALLOYS 


Alloy 

a/o  R.  E. 

Spalling 

AFFECTED  METAL 

(MILS/SIDE) 

No. 

w/o  Mn 

(mg/ cm3  ) 

Gross  Attack*1^ 

Max.  Attack(b) 

14 

_ 

16.68 

0.8 

2.8 

(c) 

15 

.09Y 

- 

10.50 

1.8 

4.2 

(c) 

16 

.  17Y 

- 

0.70 

0.5 

2.9 

(c) 

17 

,09Gd 

- 

3.80 

0.3 

2.6 

(c) 

18 

.  23Gd 

- 

0.21* 

- 

_ 

19 

.09Ce 

- 

100.46 

6.3 

11.1 

(d) 

20 

.  21Ce 

- 

158.84 

8.0 

11.4 

(d) 

21 

.  12La 

- 

134.61 

7.0 

10.2 

(d) 

22 

•  12La 

- 

100.72 

G.9 

1G.5 

(d) 

23 

.OtiTh 

- 

91.38 

6.3 

19.5 

(d) 

24 

<.001Th 

" 

65.46 

4.2 

5.6 

(d) 

25 

~.  1  MM 

- 

99.74 

5.1 

3.5 

(d) 

26 

~.2  MB 

- 

157.58 

8.1 

10.8 

(d) 

27 

.  12La 

.19 

9.76 

0.1 

1.7 

(c) 

28 

Nil 

.38 

2 .  ’T0 

0.6 

1.7 

(d) 

29 

.  15La 

.37 

56.84 

4.4 

9.4 

(c) 

30 

. 06La  +  . 06Th 

.28 

17.48 

C.l 

2.5 

(c) 

31 

. 06La  +  06Th 

.72 

74.31 

3.6 

5.7 

(cl) 

32 

. 05Y  +  . 05Th 

.24 

6.16 

0.4 

2.5 

(O 

33 

. 06Y  +  . OSTh 

.69 

1.47* 

- 

- 

34 

.09Ce  +  . lOTh 

.25 

20.08* 

- 

_ 

35 

. 09Ce  +  . lOTh 

.80 

47.65* 

- 

- 

*  Spalling  alter  five 

cycles  -  tests  still 

in  progress. 

(a)  That 

metal  loss  due 

to  formation  of  massive  surface  oxide 

(including  spalled 

oxide) .  Determined 

by  measuring  unaffected  cross  section. 

(b)  That 

metal  loss  due 

to  (a)  plus 

any  I.G.A 

.  and  I.O.  or  max 

.  penetration  where 

scale  is  irregular  measured  as 

above . 

(c)  Erratic  scale  with  little  or  no  I.O. 


(d)  Uniform  scale  with  I.G.A.  or  I.O. 
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TABLE  XX 


COMPARISON  OF  CYCLIC  AND  STATIC  OXIDATION 
OF  SOME  DOPED  RENE  100  ALLOYS 


1000  hr/180Q*F 


Alloy 

No. 

Cyclic  < 

Continuous 

Specimen 
(mg/cm2 ) 

Total 
{mg/craa ) 

Spalling 

(mg/cm3) 

Specimen 
(mg/cm2 ) 

Total 

(mg/cm2) 

Spalling 

(mg/cm2) 

14 

-10. 55 

6.13 

16.68 

1.82 

3.07 

1  .25 

15 

-5.06 

5.44 

10.50 

2.12 

2.29 

0.16 

16 

3.57 

2.87 

0.70 

- 

- 

- 

17 

0.15 

3.95 

3.80 

- 

- 

- 

10 

2.29* 

2.08* 

0.21* 

2.75 

3.74 

0.98 

19 

-81 . 67 

18.79 

100.46 

-42.02 

19.16 

61.19 

20 

-126.96 

31.88 

158.84 

-48 . 28 

18.88 

67.17 

21 

-112. 06 

21.75 

134.61 

-37.54 

16.08 

53.61 

22 

-87.06 

13.66 

100 . 72 

-33.63 

15.80 

49.43 

23 

-68.35 

23.03 

91.38 

- 

- 

- 

24 

-51 . 1 1 

14.35 

65.46 

- 

- 

- 

25 

-75.94 

23.80 

99.74 

-13.43 

9.36 

22.79 

26 

-122.11 

35.47 

157.58 

-43.13 

19.62 

62.76 

27 

-3.56 

6.20 

9.76 

2.56 

2.52 

-0.04 

28 

-0.02 

2.68 

2.70 

2.11 

2.56 

0.45 

29 

-42.07 

14.77 

56.84 

2.28 

3.43 

1.15 

30 

-10.58 

6.90 

17.48 

-1.12 

4.70 

5.82 

31 

-55.66 

18.65 

74.31 

-27.85 

12.27 

40.12 

32 

-1.77 

4.39 

6.16 

-0.  <*9 

4.10 

4.59 

33 

0. 16* 

1.63 

1.47* 

-12 . 61 

-1.22 

J 1  .  i\ 

34 

-12.86 

7.22* 

20.08* 

-4.63 

3.22 

'.’.85 

35 

-35.89* 

11.76* 

47.65* 

-14.03 

7.21 

21.29 

400 

hr/2000*F 

Cycl  ic(  b) 

Continuous 

15 

-38.3 

13.4 

51.7 

-3.37 

3.96 

3.62 

19 

-517.5 

212.0 

729.5 

-111.89 

44.32 

156.22 

20 

•339.5 

1 17.0 

486.5 

-127.53 

46.93 

174.52 

21 

-545.0 

1H4.0 

729.0 

-68.19 

26.89 

95.08 

22 

-286 . 6 

74.9 

361.5 

-65.67 

25.56 

91.23 

(a)  10-100  b<»ur  cycles  to  room  temperature 

(b)  16-25  hour  cycles  to  room  temperature 


*  5-100  hour  cycles  completed  -  Data  Questionable 
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TABLE  XXI 


EFFECT  OF  RARE  EARTH  ADDITIONS  ON  THE 
HOT  CORROSION  RESISTANCE  OF  DOPED  BEHB'  100 
(1700°F/50  Hr  in  100  ppm  Nn2304  +  NaCl) 


Depth  of  Attack 


Alloy 

(nils/di a) 

No. 

a/o  R.E. 

Gross 

Total w 

Metallographic  Description 

14 

- 

-59.0 

-68.0 

Massive  Oxidation  and  Sulfidation 

15 

0.09Y 

-20.7 

-22.:. 

Massive  Oxidation  -  Sulfidation 

Looks  Like  Ev.tectic 

16 

0.17Y 

-22.3 

-27.0 

Massive  Oxidation  -  Little  Sulfidation 

17 

0.09Gd 

- 

-49.1 

Massive  Oxidation  -  Medium  Suliidation 

18 

0. 23Gd 

-  0.2 

-  2.8 

Medium  Oxidation  -  Heavy  Sulfidation 

19 

0.09Ce 

-  7.4 

-  8.5 

Massive  Oxidation  -  Few  Sulfides 

20 

0 . 21Ce 

-  1.9 

-  3.7 

Massive  Oxidation  -  Few  Sulfides 

21 

0. 121a 

-  1.2 

-  2.3 

Little  Oxidation  -  Very  Fine  Sulfides 

22 

0.121a 

-  0.2 

-  1.6 

Little  Oxidation  -  Very  Fine  Sulfides 

23 

0.06Th 

-  6.3 

-15.5 

Massive  Oxidation  -  Heavy  Sulfidation 

24 

<0.02Th 

-40.0 

-50.6 

Massive  Oxidation  and  Sulfidation 

(a) 

Depth  of  Massive  OiU.de/8ulfide  Attack 
(tO  Total  Attack  Including  Internal  Oxldea  and  Sulfides 
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TABLE  XXII 


INFLUENCE  OF  DOPING  ADDITIONS  ON  THE 
1300#F  TENSILE  PROPERTIES  OF  RENE  100 


Alloy 

No. 

a/o 

R.E, 

w/o 

Mn 

UTS 

(Ksi) 

.02% 

Y.S. 

(Ksi) 

0.2% 

Y.S. 

(Ksi) 

R.A. 

(%) 

Elong 

(%) 

- 

G.E.  Spec 

120 

- 

100 

8.0 

- 

14 

- 

- 

140 

85 

104 

15.0 

10,0 

15 

•  09Y 

- 

125 

94.5 

110 

6.5 

1.5 

16 

.  17Y 

- 

58 

58 

* 

Nil 

1 

17 

,09Gd 

- 

C5 

61.6 

* 

Nil 

Nil 

19 

,09Ce 

- 

117 

97 

115 

5.0 

1.5 

21 

.  12La 

- 

112 

90.9 

108 

4.5 

1.5 

23 

.  06Th 

- 

114 

91.5 

107 

6.5 

1.5 

24 

.  02Th 

- 

117 

91.9 

106 

8.0 

2.5 

25 

10MM 

- 

33 

31 

* 

Nil 

Nil 

27 

12La 

.2 

29.1 

27.4 

* 

Nil 

Nil 

28 

NIL 

.38 

111 

86.5 

105 

4.5 

1 .5 

29 

.  15La 

.67 

68.5 

68.5 

* 

Nil 

Nil 

31 

.06La+.06Th 

.72 

106 

91 

106 

Nil 

Nil 

33 

. 06Y+ . 06Th 

.69 

99.5 

83.2 

99.3 

4 .  :> 

1 . 5 

35 

,09Ce+. lOTh 

.8 

50.5 

50.5 

* 

0.5 

1 

*  Specimen  broke  before  0,2%  Y.S.  was  obtained 


» 
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TABLE  XXIII 


INFLUENCE  OF  DOPING  ADDITIONS  ON  THE  CREEP 
RUPTURE  PROPERTIES  OF  RENE  100 


1800* F/eg  ksi 


Alloy 

No . 

a/o  R. 

E. 

w/o  Mn 

Time  (tars) 

To  %  Creep  of 

Rupture 

Life 

R.A. 

Elong 

0.1 

0.2 

0.5 

1.0 

(hrs) 

<%) 

’W 

M 

- 

- 

0.1 

0.7 

6 

21 

106.2 

15.0 

10.3 

15 

.  09Y 

~ 

- 

0.05 

0.3 

- 

0.6 

1.3 

2.2 

16 

.  17Y 

- 

- 

- 

-  - 

- 

FOL 

1.3 

1.4 

17 

.  09Gd 

- 

0.1 

0.2 

2.4 

- 

4.0 

1.3 

1.2 

19 

.  09Co 

- 

0.3 

- 

- 

- 

1.3 

0.8 

1.4 

21 

12La 

- 

0.4 

- 

- 

- 

1.1 

1.0 

1.8 

23 

.Q6Th 

- 

0.2 

0,3 

- 

- 

4.5 

0.7 

1.7 

24 

<.02Th 

- 

0.2 

1.1 

6 

15 

20.3 

5.2 

2.9 

25 

10MM 

- 

- 

- 

- 

- 

POL* 

- 

- 

27 

.  12Lj 

.2 

- 

- 

- 

- 

FOL 

0.7 

1.5 

28 

Nil 

.38 

0.3 

- 

- 

- 

0.9 

5.3 

1.7 

29 

.  15La 

.67 

- 

- 

- 

- 

FOL 

Nil 

1.7 

31 

. 06La  + 

.  06Th 

.72 

- 

- 

- 

- 

0.2 

0.7 

2.2 

33 

,  06Y  + 

.  06Th 

.69 

- 

- 

- 

- 

FOL 

2.6 

0.8 

35 

.090  + 

.06Th 

.8 

0.3 

_ 

_ 

1.3 

1.3 

1.4 

FOL  -  Failed  <>n  leading 

(a)  Nominal  gage  section:  0.14"  dia.  X  0.64"  long 
*  Fitted  in  threads  before  total  load  was  applied. 
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TABLE  XXIV 


PHASE  XI  ALLOYS  AIM  CHEMISTRY 


Alloy  0 


Compos! ti op 


36 

Rene* 

100 

Base 

37 

Rene* 

ICO 

(Less  V) 

38 

Ran©1 

100 

t-  0.03  a/o 

39 

Ren©' 

3.00 

(Less  V)  + 

40 

Rene* 

100 

+  0.03  a/o 

41 

Rane' 

100 

+  0.10  a/o 

42 

Bone* 

100 

+  0.02  a/c 

43 

Rene’ 

100 

+  0.02  a/o 

44 

Rene* 

100 

(Less  V)  + 

Gd  +  0.2  w/o  Mil 

0,03  a/o  Gd  +  0.2  w/o  Mn 

Gd 

Gd 

Y  +  G.03  c/o  Th  t  0.25  Mn 
7  +  0.03  Gd  +  0.25  Mn 
0.03  a/o  Y  +  0.25  w/o  Mn 


TABLE  XXV 


CHEMICAL  ANALYSIS  0/  SOME  PHASE  II  DOPED  ALLOYS 


Alloy  No. 

36 

37 

38 

43 

44 

Nominal 

Dopant  (w/o) 

Base 

Base 

Base 
(Less  V) 

0.O7Gd 

0.02Y 

0.25Mn 

0.07Gd 

0.02Y 

0.25Mn 

Heat  No. 

G.E.  Spec. 

S948 

S950 

,  S955 

S956 

C 

C.15-  0.20 

- 

- 

,  - 

- 

Mn 

0.50  Max 

<  0.05 

<  0.05 

0.22 

0.22 

Si 

0.50  Max 

- 

- 

- 

- 

S 

0.015  Max 

- 

- 

- 

- 

Cr 

9.0-1C.0 

9.27 

9.23 

9.16 

9.23 

Ti 

4.0-  4.4 

4.16 

4.30 

4.16 

4.30 

A1 

5.3-  5.7 

5.54 

5.60 

5.41 

5. 53 

2r 

0.03-0.09 

0.08 

0.45 

0.12 

0.52 

Co 

14.0-16.0 

15.42 

14,94 

15.08 

15.01 

Mo 

2.7-  3.3 

2.96 

2.96 

2.98 

3.04 

Fe 

1,0  Max 

0.18 

0.13 

0.15 

0.13 

V 

0.9-  1.1 

0.94 

0,08 

0.94 

0.09 

D 

0.01-0.02 

- 

- 

- 

- 

«2 

- 

5  ppm 

5  ppm 

4  ppm 

4  ppm 

°2 

- 

30  ppm 

40  ppm 

23  ppm 

H2 

- 

2  ppm 

3  ppm 

2  ppm 

2  ppm 

(a) 


All  analysis  except  gases  were  spoctrographlc 
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TABLE  XXVI 


CONCENTHATIQK  OF  DOPANTS  IN  PHASE  It  RENE*  100  ALLOYS 


Alloy 

Nominal 

Actual 

Actual 

No. 

w/o  K.E. 

w/o  lb 

w/o  fe.B, 

w/o  Mii 

a/o  R.£. 

36 

- 

- 

<  0.05 

- 

37 

- 

- 

<  0.05 

- 

38 

O.llGd 

0.2 

O.lOGd 

0.24 

0.043Gd 

39 

O.llGd 

0.2 

0.065Gd 

0.24 

0.028GC 

40 

O.lOGd 

- 

0.09Gd 

- 

0.040Gd 

41 

0. 23  Gd 

- 

0.24Gd 

- 

O.lOSGd 

42 

0.02Y  +  0.095Th 

0.25 

0.015Y  *  0.07Th 

0.28 

0.01Y  '  0.02Th 

43 

0.07GU  +  0.02Y 

0.25 

0.055Gd  +  0.014Y 

0.28 

0.02Gd  +  C.01Y 

44 

0.07Gd  +  0.02Y 

0.25 

0.055Gd  +  0.011Y 

0.29 

0.02Gd  +  0.005Y 

N.D.  Below  Detectable  Limits 
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TABLE  XXVII 

SUMMARY  OF  OXIDATION  RATE  CONSTANTS  FOR  PHASE  II  ALLOYS 


Temp . 

Alloy  No 

Test  No. 

KPI<«) 

2000 

36 

1-B 

2.74  x  10"4  (10-60  ain) 

l.l  x  1<T5  i 

(100-1500  alia) 

2000 

37 

2-B 

2.90  x  10-4  (1-60  ain) 

1,03  x  10”4  (400-2400  am) 

2000 

38 

3-B 

Linear  (1-8  ain) 

1.49  x  10“5 

(100-3000  ain) 

2000 

39 

4-3 

1.64  x  10""4  (3-30  ain) 

1.16  x  10"4 

(180-300C  ain) 

2000 

40 

5-B 

4,3  x  10-4  (1-10  ain) 

1.42  x  10-5 

(100-2400  Bin) 

2000 

41 

6-B 

3.08  x  10"4  (1-10  ain) 

— 

200C 

42 

7-B 

— 

2.3  x  10~5 

(150-3000  ain) 

2U00 

43 

8-B 

Linear  (1-7  min) 

1,62  x  10”5 

(i 80-3000  ain) 

2000 

44 

9-B 

Linear  (1-10  ain) 

5.67  x  10”5 

(40-360  min)(c* 

1.32  x  10-5 

(480-3000  ain)^b) 

1800 

36 

1-A 

3.85  x  10"5  (3-100  ain) 

4.79  x  10-6 

(420-30G0  Bin) 

1800 

40 

5-nA(d> 

5,8  x  10"6  (3-420  ain) 

1.07  x  10-6 

(420-1200  ain) 

a  KPI  -  Initial  Parabolic  Rate  Constant  (Mg^/Ca4/sec) 

^  KPII  =  Secondary  Parabolic  Rate  Constant  (Mg^/Ca4/sec) 

KPII  =  Transition  (Not  Predictable) 

Values  in  Parenthesis  indicate  duration  which  rate  constant  applies 
^  Alter  1200  ain.  K  becaae  zero 
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TABLE  X2.VIII 


I  * 


STATIC  OXIDATION  BFHAVTOh  OF  PHAflE  II  DOPED  RENE'  100  ALLOYS 


100  Hr/2000 °F 


jj  Alloy 

Nominal 

Total  / 

wt  Spalling 

Max.  Metal  Loss 

l 

i 

•  i-: 

l  No. 

Composition  w/o 

(mg/ cm" 

)  (mg/cm2) 

(mils/side) 

■.  *  '  \< 

I 

3.00  Hr/1600°F 

- 

*V  :  j 

i  3s 

Rene* 

100  Base 

0.26 

N.D. 

-1.3 

•  ’  c  '* .  1 

?  37 

Rene* 

100  (Lass  V) 

0.33 

N.D. 

-0.7 

■"  w 

■] 

‘  ■  i 

*  38 

R'lOO 

4  O.llGd  +  0. 2Mn 

0.25 

N.D, 

-0.3 

:■  39 

R'  100 

(Less  V)  +  O.llGd  +  0.2Kr, 

0.38 

N.D. 

-1.0 

**  t- 

.  jj 

'  40 

R*  100 

+  O.lOGd 

0.19 

N.D. 

-1.5 

1 

s  41 

R*  100 

+  0.23Gd 

0.29 

N.D. 

-1.1 

1  ■  '  | 

42 

R’lOO 

+  0.02Y  +  0,095Th  +  Q.25Mn  ' 
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N.D. 

-0.1 

;  * 

r-  V  if 

!  :  ' 

!  43 

R’  100 

+  0.07Gd  +  0.02Y  +  0. 25Mn 

0.32 

N.D. 

-1.5 

r,  .1 

r  44 
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R'lOO 

(Less  V)  i-  O.OTGd  +  0.021  +  Q.251in 

0.35 

N.D. 

-1.2 

,  | 

f 

% 

100  Hr/1800 °F 

.  j 

t  36. 

Rone' 
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0.21 

-1.0 

.  '  1 

1  '  I 

i  bl 

Rene' 

100  (Less  V) 
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-  -  •  ! 
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i  38 
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+  0J llGd  +  0.2Mn 
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i  39 

R'J.OO 
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3..  09 
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-2.0 

...  •  .  j, 

40 
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41 
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+  0. 23Gd 
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,  . 

42 

R'lOO 
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*,  1 
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■ i 
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36 

Rene'  100  Base 

1.95 

3.73 

-2.0 

37 

Rene'  100  (Less  V) 
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40 
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-1.9 

*  t- 
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-2.9 

i  42 
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4.74 
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*  •' 

j  E  43 
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2.76 

5.79 

*2.3 

44 

R'lOO  (Less  V)  +  0.07Gd  4  0.02Y  4  0.25Mn 

2  17 

2  30 

-3.1 

f  .  ^ 

N.D. 

Below  Detectable  Limits 
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TABLE  XXXI 


SUMMARY  OF  REACTION  PRODUCTS  FORMED  ON  VARIOUS  DOPED 
RENE  100  ALLOYS  AFTER  1000  HRS.  EXPOSURE  AT  1600*F 


Oxidation^ 
Alloy  Res  is  lance 


11  6 

25  7 

27  4 

2H  1 

29  5 

SO  3 

32  2 


_ Reaction  Products* 

NiO(s) (ap  4 . 19A)+Spinel (m) (ap  =8 . 33A)+NiTiOa (m) 

NiO(vs) (aQ -4 . 19$) ^Spinel (w) (ap  =8. 32A>+NiTi03 (w) 

NiO(s)(ap  4.19A)+NiTi03 (mw)+Spinel (w) (aQ ^8. 32^) 

NiO(s)  (a0 ~4 . 19^) ■'■NiTiOp  (raw)+Spinel (w)  (ap  =8.32a)+T102  (vw) 
NiO(s)  <3p  -4 . 19A)  +NiT103  (mw)  +Spinel  (raw)  ( %  -8 . 32a)+A1,j03  (vw) 
NiO(vs)(ap  ~A. 19|)+Spinel (w)+NiTi03 (w) 

NiO(s)  (ap=4. 19A)+NiTi03  (m) Spinel (w)(Op  =8.32^) 


(a)  Determined  employing  diffractometer  traces  in  situ,  compared  to  standard 
ASTM  cards  and  listed  in  order  of  decreasing  intensit ;•> . 

(b)  Relative  oxidation  resistance  considering  total  weight  change  data. 

s:  strong,  in:  medium,  w:  weak,  v:  very 
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TABLE  XXXII 


SUMMARY  OF  REACTION  PRODUCTS  FORMED  ON  VARIOUS 
DOPED  RENE  100  ALLOYS  AFTER  1000  HRS.  EXPOSURE  AT  I800*F 

cwimro 

Reaction  Products^ 

Matrix  <3  )  (  ap  =3 . 57  A)  +Spinel  (m)  (ap  =8 . 34  j[)  +NiTi03  (m) 
NiO(w)+TiOg (vw) 

Spinel < vs ) (^ =8 . 30^) +NiTiOa (w) 

Spinel (s)  (ap  =8.2A)+NiO(m)  (a0=4. 17^)+Matrix(m)  (a^  =3. 56  j\) 
+Ala03(w) 

Matrix (vs) =3.54A)+Spinel(m)(a0  =8.27a)+A1?03 (w) 

+TiO„ (vw) 

Spinel(vs)  (ao=8.30A)+NiO(s)(ap=4.2A)+NiTiO3  (vw) 

Spinel(s)(a0=8.27|)+NiTi03(jns)+Matrix(m)(aD^3.57A> 

Spinel (s)  (^  =8.34^)+NiO(m)  (ap  =4. 17a)  +Matrix(m)  (ap  =3 . 57a> 
+NiTi03 (m) 

Spinel  (s )  (ap  =8 . 34a)+N10(s )  (a0  =4 . 21  A)+Matrix  (m)  (a,,  =3 . 56 a) 
+NiTiOa (m) 

Matrix  (vs)  (8p  =3 . 57A)  +Spinel  (s)  (aQ  =8 . 27  j\)  +NiTi03  (vw) 

Matrix (m)+Spinel (m)+NiTi03 (w)^TiOs (w)+Al?0^ (w) 

Spinel (s) (s^  =8.34A)+NiO(ms) (ap  =4.20A)+NiTi03 (vw) 

Spinel  (m)(aQ  =8. 34^)+NiO(m)  (a^j  =4. 18A)+Matrix(m)  (ap  =3. 57a) 
NiTiOg 


CYCLIC^ e) 


14 

3 

(b) 

Matrix  (vs)  (^  =3 . 57A>+Ni0(s )  (3p  =4 . 18A)+NiTi03  (m)  +Splnel  (vw) 

16 

1 

<u) 

NiO(s) (a_ =4 . 18A)+Matrix(ms) (aQ  =3 . 57a)  ^NiTiOg (m) +Spinel (m) 
(855=8.35!)  1 

17 

2 

(b) 

NiO(vs) (a_  =4.18^)+Matrix(ms) (s^  =3.57A)+NiTi03 (m) 

+Spinel(m)  (Bq  =8.37j^) 

23 

4 

(b) 

NiO(m)(a  =4.20^)+Matrix(m)(a,5=3.54A)+NiTi03(m)+Spinel(m) 
(e0  =8 . 38a)  ■♦TiOg  (vw) +A1S03  (vw) 

25 

5 

(b) 

Matrix  (vs)  (855  =3 . 53^)+NiO(s)  (Bp  =4. 18ji)+Spinel  (ms)  (8p  =8 . 35^) 
+NiTi03(m)+Ala03(vw) 

(a)  Determined  from  ASTM  cards  and  listed  in  order  of  decreasing  intensity. 

(b)  Relative  resistance  considering  total  weight  change  and  spalling  resistance. 

(c)  Diffractometer  trace  of  oxides  in  situ. 

(d)  Diffractometer  trace  of  spalled  oxides. 

(e)  10  -  100  hour  cycles,  cooling  to  room  temperature  after  each  hold  period 
s:  strong,  m:  medium,  w:  weak,  v:  very 


Oxidation  Type 


Alloy 

Resistance^ b) 

X-Ray 

14 

4 

(e) 

14 

- 

(d) 

25 

7 

(c) 

26 

9 

(c) 

26 

- 

(d) 

27 

1 

(O 

28 

2 

(c) 

29 

3 

(c) 

30 

6 

(c) 

31 

8 

(c) 

31 

- 

(d) 

32 

5 

(c) 
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TABLE  XXXIII 


SUMMARY  OF  REACTION  PRODUCTS  FORMED  OS  PHASE  II  AUX7YS 


ASTER  EXPOSURE  AT  1800®  AND  ?000°F 


Alloy  Oxidation 

No.  Resistance^) 


Type 

X-ray 


Reaction  Products 

1800°F/100  hrs  (Isothermal) 

Matrix  +  NiTiOg  +  Spinel  +  TiOg 
Matrix  +  2  Spinels  +  N1T103  +  TiOg 
Matrix  +  2  Spinels  +  NiT103  +  TiOg 
Matrix  +  NiTiOg  +  2  Spinels 

1800°F/500  hrs  (Cyclic) 

Matrix  4-  Spinel 

Matrix  +  Spinel  +  NiTiOg 

Spinel  +  NiTiOg 

Matrix  +  NiTiOg  +  2  Spinels 

Matrix  +  NiTi03  +  Spinel 

Matrix  +  NiTiOg  +  2  Spinels  +  NiO 

2000°F/100  hrs  (Isothermal) 

Matrix  +  Spinel  +  AI2O3  +  NiTiOg  +  TiOg 
Matrix  +  AI2O3  +  Spinel  +  NiTiOg 
Matrix  +  AI2O3  +  Spinel  +  TiOg 
Matrix  +  NiTiOg  +  Spinel  +  AlgOg 

2Q00°F/150  hrs  (Cyclic) 

Matrix  +  AlgOg  +  Spinel  +  NiO  +  TiOg 
Spinel  +  NiTiOg 

Matrix  +  AI2O3  +  Spinel  +  NiTi03  +  TiOg 
Spinel  +  NiO 

Matrix  +  Spinel  +  NiTiOg 
Matrix  +  Spinel  +  NiTi03  +  AlgOg 


Listed  in  order  ol  decreasing  intensity 
Relative  resistance 

(c)  Diffractometer  trace  of  oxides  in  situ 
Diffractometer  trace  of  spalled  oxides 
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TABUS  XXXIV 
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-RUPTURE  OF  FHASE  II  ALLOTS  AT  1500°F/68  KB I 
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OF  CHILL -CAST  HENS’  100  AFTER  50  HRS.  EXPOSERS  AT  1700eF 


Figure  4: 


25QX  N1740 

Rene  100  +  0.12  La  +  0.80  Mn 
(-55.8  Mils/Dia.  Loss) 


EFFECT  OF  La  CONCENTRATION  ON  THE  HOT  CORROSION  RESISTANCE 


2  SOX 


Rene  100  +  0.31  La  +  0.8  Mn 
(-0.2  Mil/Eia.  Loss) 


250X 


N1736 


Rene  100  +  0. 56  La  +  0.8  Mn 
(-0.3  Mils/Dia.  Loss) 


N1729 


Undoped  Rene  100 
(-68.4  Mils/Dia.  Loss) 


N1741 


250X 


(a)  Ni-Gd  Master  Alloy 


(b)  Sane  As  (a)  Polarized  Depicts 
NiBGd-Ni  Eutectic  In  Matrix  of 
Ni-Gd. 


(c)  Mi-8*  Master  Alloy 


(d)  Ni-Miachaetal  Master  Alloy 


Figure  5  Metallographic  Appearance  of  Byper^utectic  Nig  R.X.  Alloys 
Electrolytic  Etch  in  Mixed  Acids.  560X. 


[ft)  Massive  Inclusions  (Carbonitrides)  0.14  w/o  (25QX) 


NS  7  48 


N5713 


115752 


(b)  Edge  Cracking  ~  0.42  Ce  (50*) 


(e)  Grain  Boundrjr  Tearing  0.42  w/o 
La  (250X) 


figure  •  finaa pl«s  o t  Problems  Ka countered  with  Doped  AT  2-IDA  Intrusions 
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figure  8  General  Microatructures  of  Doped  Unlteap  A f  2 -IDA. 

Am  Extruded  (Long.)  Electrolytic  Etch  500X. 
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(c)  AF2-1DA  +  .11  w/o  Y  + 
As -extruded. 


P1346  P134*» 

.81  w/o  tin  (d)  AF2-1DA  +  .28  w/o  Y  +  .75  w/o  Nn 

As-extruded.  Note:  Larger  carbide  size 
than  (c) 


figure  9:  General  as-extruded  wicrostructure  of  AF2-1DA  alloys  with  various 

dopant  additions  (500X).  Etch  -  8:1  H..PO,  in  H  0. 
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67 


P132S  P1326 

(a)  #10  -  AF2-1DA  +  .38  w/o  Th  (b)  #10  -  As  extruded  Note:  Fine 

+  .8  w/o  Un  A»  cast  Note:  Segregation  structure  and  microfissures, 
of  Til  Rich  phase  (arrow) 


(e)  #14  AF2-10A  +  .22  w/o  Gd  (d)  #4  -  As  extr’ided.  Note:  Fine 

>.9  w/o  Mn  As  cast,  Note:Segregatio*  structure 
of  Gd  rich  phase  (arrow). 

Figure  10*  Effect  of  priaary  working  or  the  aicrostructure  of  typical  dop*d 
AfS-lBA  alloys  (500X)  itch  -  8:1  H3P0V  in  H,*) 
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IFigU''*  to  port  SI -100  Castings  Illustrating  Casting  Difficulties.  Full  Sixe. 


ifrv-vw 


Figure  17;  Effect  of  reactive  metal  additions  on  the  general  microstructure  of  as  cast  Ren£  100 
(150X  Unetched) 


(a)  #14  Rene  100  Base 


P1316  P1322 

(b)  #1«  R-100  +  0.17  a/o  Y 
Note;  Massive  Y  containing  phase 
(arrow) 
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(c)  #18  R-100  +  0.23  a/o  Gd  (d)  #19  R-100  +  0.09  a/o  Ce 

Note:  Massive  Gd  containing  Note:  Relatively  fine  structure 

phase  (arrow) 

Figure  19:  As  cast  microstructure  of  various  doped  Rend  100  alloys 
( 500X )  Etch  -  8:1  H:<P04  in  H?Q 
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P1317 


P1315 


(b)  #28  -  R-100  +  0.38  w/o  Mn 

Note:  Blocky  carbides  and  absense 
of  Primary  y* 


(a)  #22  -  R-100  +0.12  e/o  La 

Note:  La  Rich  Phase  (Arrow) 


Pi  31 4 


P1319 


(c)  #29  -  R-100  +  .15  a/o  La 

+  .68  w/o  Mn 


(d)  #32  -  R-100  +  .05  a/o  Y  +  .05  a/o  Th  + 

w/o  Mn  Note:  Relatively  fine  structure 


.24 


figure  20:  As -cast  eicroat  uctures  of  various  doped  Rene  100  alloys* 
(SOOX)  Ewch  -  8:1  H3P04  in  11,0 
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Typical  Electron  Micrographs  of  Undoped  Hone 
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Figure  23  Typical  oxidation  behavior  of  Uni temp  AF  2-1DA 
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Figure  25  A  comparison  of  the  oxidation  rate  of  Uni  ’ «'iap  AF  2-1  DA  with 
other  commercial  nickel  base  alloys 


Motts  Stability 


Metallography c  Appearance  of  Oxide  Products  Formed  on  Doped  Uni temp  AF  2- IDA 
During  Cyclic  Oxidation  at  2000°F/175  Hours 


,ltnr.  .et.liocraphic  Appearance  o.  Qald.  Producte  Few*  on  I>ope«i  Unitenp  AF  2-1M 

During  Cyclic  Oxidation  at  x800°F/1000  Hours  Continuous  Exposure 


(a)  AT  2 -IDA  Base 
(-20  mils/side) 


P2856 

(b)  AF  2-IDA  +0.1  A/O  La  0.8  W/O  Mn 
(-0.6  mlls/side) 


P2859 

(c)  AT  2-IDA  +  0.1  A/O  Th  +0.8  W/O  Un 
(-0.9  alla/aide) 


P2858 

(d)  At  2-LOA  +0.2  A/O  Th  +  0.8  W/O  Mn 
(-1.3  ml ls/side) 


Figure  30: 


Microstructurxl  Appearance  of  Doped  AF  2-IDA 
After  Hot  Corrosion  Exposure  of  50  Hrs./1700°F 
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Figure  33  Effect  of  cerium  additions  on  the  oxidati"n  Kinetics  of  Rene' 
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<>l  Mishtnotal  additions  or  the  oxidation  Kinetics  of  Rene'  100 


manganese  additions  on  the  oxidation  Kinetics  of  Rene 
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Figure  39  The  effect  of  0.1  atomic  percent  additions  of  various 
"rarc-earths"  on  the  oxidation  Kinetics  of  Rene'  100 


ft  72  77 


(c)  Rend  100  +  0.21  a/o  Ce 
(100  hr/1800*F) 


N7276 

(d)  Rend  100  +0.09  a/o  Y 
(100  hr/2000#F)  -  Note: 

Alloy  depletion  and  degenerate 


Figure  40j  Microstructure  of  oxidation  reactions  during  continuous  weight 
gain  testing  (250X  Codep  Etch). 
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(Note:  Alloy  #18  exposed  for  5-100  hour  cycles. 
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Microstructures  depicting  multiphase  oxide  formation  in  the  scale/subscale  of  doped  Rend'  100  alloys 
after  cyclic  oxidation  at  1800*F.  (500X)  Etch  -  8:1  H3F04  in  HgO 


Figure  50:  Nature  of  oxidation  reaction  of  Rend  100  alloy  doped 

(Alloy  #29)  Cyclic  exposed  1000  hr.  at  1800*F .  Etche 


Figur-e  51:  Appearance  of  Doped  R-100  hot  corrosion  specimens 

(100  ppm  salt)..  Value  in  parenthesis  is  max.  dep 


P1349 

(a)  #15  R-100  +  0.09  a/o  Y 

Note:  Eutectic  type  sulfidation 
(-22.0  mils/dia) 


PI  3  55 

(b)  #18  R-100  +0.23  a/o  Gd 

Note:  Heavy  sulfidation  below  oxide 
(-2.8  mils/dia) 


P1350 

(c)  #21  R-100  +0.12  a/o  La 
Note:  Dense  protective  scale 
(-2.3  mils/dia) 


P1354 

(d)  #23  R-100  +  0.06  a/o  Th 

Note:  Heavy  oxidation  and  massive 
sulfides  (-15,5  mils/dia) 


Figure  52;  Types  of  hot  corrosion  attack  for  doped  Rene  100  alloys  (100X) 
Etch  -  8:1  H3P04  in 
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P6468 


P6469 


(a)  Rene*  100  Base 


(b)  Rene'  100  (Less  V)  -  Note 
Increased  y~y'  Eutectic 


P6470 


P0475 


(c)  P.ene '  100  +  0,11  W/0  Gd  +  0.2  Mn  (d)  Rene'  100  (Less  V)  +  0.11  W/0  Gd 
-  Note  Rare-Earth  Phase  +  0.2  W/0  Mn  -  Note  Increase  y-y' 

Eutectic 


Figure  56: 

Effect  of  Vanadium  and  Gadolinium  Modifications  on  Microstructure  of  As-Cast 
Rene'  100  Both  With  and  Without  R.E.  Additions.  Etched  in  8:1. 

(500X) 
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Typxcal  outton  of  Hare  -Earth  Phaaa  (Arrow)  in  Grain  boundaries 


(  lao/Sw)  aSuByo  mSlTa* 

u 


Continuous  weight  gain  curves  for  alloys  36  and  40  at  1800®  and  2000°F 


J9627 


(b)  Alloy  37  (Base  -  Less  V) 


I 


Figure  65: 

Phase  II  Alloys  After  Hot  Corrosion  at  1725°F/50  Hrs.  (100X) 
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P7465 

(a)  Drop  Cast 


J7495 


Figure  67: 

Uicrostructurai  Appearance  of  0.13  W/0  Y  Alloy 
After  Hot  Corrosion  Testing  17?f>°F/50  Hrs. 


(250X) 


(a)  Rene'  100  Base  Alloy,  Drop-Cast 


Figure  68: 


Mlcrostructural  Appearance  of  Rene’  100  Base 
and  0.24  i/O  Y  Alloy  After  Hot  Corrosion  Tests. 


(250X) 
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Figure  69 
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